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CHAPTLR I 
1.1 Introduction 
Electronics is one of the fields of technology which has 
iditnessed an enormous increase of activity in recent years. 
During the last feu decades a change in the lay-out of elec­
tronic circuits can be obserued. Whereas before World Шаг II 
these circuits consisted of various discrete elements like 
e.g. vacuum tubes, condensors, coils etc. which mere separa­
tely mounted and connected on isolating plates, during the 
шаг printed circuits uere introduced. Functional elements uer 
mounted on plate material already provided літ the necessary 
connections. As a result improved connections and shorter 
mounting times were obtained. A completely пеш combinational 
concept was introduced in the last decade after the invention 
of the solid-state diode and transistor arounr 1G5Q. This 
concept became possible when the so-called planar technolo­
gy шаз invented and applied to silicon crystals. In search of 
(micro) miniaturisation, improvement of reliability and ra­
tionalisation of electronic circuits it uas suggested that 
complete circuits (functional elements as шеі as connections) 
could be dcromr>oda~ed in one silicon single crystal. The small 
pouer consumption of the elements made a higher packing den­
sity possible. Thus after the development of the device tech­
nology necessary for the realization of the separate devices, 
these elements uere combined into circuits consisting of thou 
sands of elements in silicon single crystals, the so-called 
chips. Because of the Ιοω production costs, small size and 
lou consumption of energy together uith a high reliability 
chips nowadays find application on a large scale both in 
industry and in consumer products. 
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ftll silicon starting material used in device fabrication is 
дгошп from the melt, as a result any part of the crystal, 
center, rim, seed end or bottom end has a different thermal 
history. Furthermore silicon crystals are subjected to various 
heat treatments during the fabrication process of chips, e.g. 
silicon surfaces are oxidized at 1000 С and diffusion of dope 
elements through uiindous in the oxide is carried out at 
900 - 1300 C. Ultimately electrical connections are created 
by evaporation of metals in vacuum onto the crystal, uihich 
is then heated betueen 200 - 400 С to obtain low resistive 
ohmic contacts. Consequently all electrical measurements on 
silicon crystals that need ohmic contacts are performed on 
heat treated crystals. 
Crystal groujth mainly proceeds via the Czochralski method 
in uihich silicon is melted in a fused quartz crucible, via 
a monocrystalline silicon seed a crystal is grouin from the 
melt. Reaction of the molten silicon uiith the crucible leads 
18 — 3 to an oxygen content of the дгошіпд crystal exceeding 10 cm 
A second common impurity present in the crystals is carbon, 
17 -3 
concentrations up to 10 cm are normal. In the floating 
zone process no crucible is used and the oxygen content can 
be a factor 100 lower than with the Czochralski method. 
Oxygen and carbon dissolved in the silicon lattice are not 
electrically active in their normal state. During cooling afte 
crystal growth or during heat treatments, however, unintentio­
nal change of the properties of silicon single crystals may 
occur by processes like agglomeration and precipitation, 
pair formation of impurities and lattice defects, as a result 
of which the (electrical) properties of the silicon material 
change. 
It has been found that this kind of processes already take 
place at 450 С in silicon crystals containing oxygen. The 
resulting center after heat treatment at 450oC is a donor, 
heating at Б00 С again destroys the donor activity presuma­
bly by the formation of larger oxygen containing aggregates. 
This is the reason that industrial silicon material is given 
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a short heat treatment at 6QQ С to bring about the resistiwity 
as given by the dopant introduced during crystal grouith. At 
temperatures higher than 13QQ С oxygen clusters dissolue and 
oxygen atoms return to a dispersed state. 
It can be argued that the processes discussed above concern 
internal rearrangements, increasing of the temperature even­
tually leads to the diffusion of undesired impurities into the 
silicon lattice from external sources. Fast diffusing impuri­
ties are metals as Cu, Mi, Fe, Ли, Li, Ma etc. that shoiu in­
terstitial diffusion, in contrast to substitutional impuri­
ties that have a considerably loujer diffusion coefficient. 
In spite of the vast amount of research and information on 
the properties of silicon, there is a number of conflicting 
ideas concerning the kinetics of the processes going on du­
ring the heat treatments needed in the technology of silicon 
devices. It is the purpose of this thesis to bring some neu/ 
evidence that could help in clarifying the puzzling situation. 
1.2 Organisation of the thesis 
The organisation of this thesis шііі be as folloujs: 
In chapter II a survey is given of the existing knouledge 
on the behaviour of oxygen and carbon in silicon as a function 
of heat treatment. 
Heat treatment of silicon at high temperatures folloued by 
quenching iiias knoum to introduce a so called thermally induced 
donor (T.I.D. effect). 
In chapter III the T.I.D. effect is discussed, it is revealed 
that the T.I.D. effect can be attributed to the indiffusion 
of an impurity present in the heating system. The identity 
of this impurity is elucidated and in addition a method is 
presented according to uhich the impurity can be prevented 
from diffusing into the crystal during heat treatment. To 
this end heating is carried out in a HCl-containing gas 
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atmosphère. Many metals form volatile chlorides and thus addi-
tion of HCl may prevent the impurities to diffuse into the 
silicon crystal. 
A consequence of the addition of HCl is the gasphase etching 
of silicon by the formation of volatile SiCl?. Addition of 
some oxygen in the gasphase appears to suppress the etching, 
but the gettering effect of HCl remains present. 
In chapter IV the effect of the addition of small amounts 
of 0- on the HCl etching of silicon is further analysed. 
Chapter U gives an introduction on the electrical characteriza 
tion of silicon heat treated at temperatures ujhich are typical 
used for device fabrication. Comments are made on the choice о 
heat treatments, the material which is chosen and the detectio 
techniques which are used to invpstigate the crystals. 
These measurement techniques are described in the follouincj 
chaoters and consist of Hall measurements (Chapter VI), resis­
tivity and mobility measurements (Chapter VII), capacitance 
voltaga measurements (Chapter VIII), photoconductive decay mea 
surenents (Chapter IX) ano electro absorption measurements 
(Chapter X). 
Finally a discussion on the characterization of heat treated 
silicon is presented in chapter XI. 
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CHAPTER II CARBON AMD OXYGEN IN SILICON 
Silicon is the second most abundant element in the earth's 
crust, it mostly occurs in the form of 5i09 and its deri-
vatiues. In order to produce elemental silicon quartzite is 
reduced with carbon 
Si02 + 2C Si + 2C0. 
The resulting silicon material has a purity of 9B-99^, the 
major impurities are Al and Fe. huge amounts are used in the 
metallurgy of steel. 
For use in semiconductor devices the purity has to be in the 
_q 
order of 10 relative to electrically active elements. This 
can be realized by conversion of metallurgical silicon into 
silicon tetrachloride (5ІС1.) and trichlorosilane (SiHCl,). 
After fractional distillation the pure chlorides are conver­
ted into semiconductor grade polycrystalline silicon by che­
mical vapour deposition on a hot thin rod of silicon (T> 1100°^) 
by reduction of the purified SiHCl, in I _. 
The pure polycrystalline material is then processed into single 
crystals by tino main processes: the Czochralski (CZ) or the 
floating zone (FZ) process. 
A CZ single crystal is produced by melting polycrystalline 
silicon starting material in a silica crucible by means of 
RF or resistance heating of a graphite susceptor; a Si mono-
crystalline seed is dipped into the melt and subsequently 
inithdraun from the liquid, so allowing for crystal growth. 
Carbon and oxygen, originating from the crucible and the 
susceptor enter the melt and are in this uay incorporated in 
the grouing crystal. The oxygen content of a CZ groun Si 
1 fl — "Ì 
crystal may be as high as ID cm , while the carbon content 
1 R ^ 
is about 10 cm- . 
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FZ Silicon is дгошп via a crucible-less method. The purity 
depends on the purity of the starting material and the qua-
1 R 
lity of the carrier gas. FZ Si usually contains about 10 
τ 1 5 — 3 
at/cm of oxygen and ID at cm- of carbon. For a more de­
tailed description of the CZ and the FZ processes the reader 
is referred to ref. II.1 and the references mentioned therein. 
Carbon and oxygen thus appear to be present in large quanti­
ties in silicon material. During the processing of silicon 
material into deuices the (electrical) properties may change 
due to reactions involving carbon and oxygen. Consequently 
for device fabrication a thorough understanding of the beha­
viour of these elements is essential. In this chapter a sur­
vey uill be given of the properties of carbon and oxygen in 
silicon. 
A. Carbon in silicon 
Carbon probably occupies substitutional sites in silicon, 
as suggested by the high activation energy for diffusion 
(3eU), (ref. II.2), and I.R. absorption studies of Si crystals 
containing both oxygen and carbon (ref. II.3). At this lattice 
site carbon is electrically inactive. Uibrational absorptions 
at 1Б.6 urn due to the Si-C band have been observed (ref. II.3), 
Another absorption peak at 12.2 urn (ref. II.4) could be due 
to silicon carbide precipitates (ref. II.3). 
The diffusion coefficient of С in Si is given by 
D = 0.33 exp (- 2.95+0.25)/kT (cm2/s) 
(ref. II.2) in the temperature range of 1070 - 1400oC. 
The solid solubility of С in Si at the melting point of Si 
17 3 has been determined to be 3.5 χ 10 at/cm (ref. II.5). 
Evidence exists for the activity of carbon in precipitation 
processes. Carbon is believed to precipitate uith Al and 0 
(ref. II.6). Precipitation of carbon causes a louering of the 
breakdown voltage and softening of the IU characteristics 
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of Si diodes (réf. II.7), Furthermore carbon acts as a nu-
cleation site for intrinsic defects (ref. II.8). 
No further data are auailable on the chemistry and physics 
of С in Si although it is \/ery likely that e.g. SiC forma­
tion and euen cluster formation of SiC occur rather easily. 
B. Oxygen in silicon 
Host oxygen is dissolved interstitially, and forms the elec­
trically inactive Si-O-Si groups, although some oxygen is 
present in higher complexes. The Si_0 group has a strong 
absorption band around 9 и m, due to stretching vibration 
of the Si-D band (ref. II.9). 
The diffusion coefficient of oxygen in silicon has been cal­
culated from stress relaxations along a < 111 > axis (ref. 
11.10) to amount to 
0.23 exp (-2.561+0.005 )/kT (cm /s) 
The solid solubility of 0 in Si at the melting point amounts 
to 1.8 χ 1 0 1 B at/cm3 (réf. 11.11). As the solid solubility 
of 0 in Si decreases uhen the temperature is lowered, oxygen 
has a tendency to precipitate on cooling. 
The interstitial oxygen is fairly mobile, luhen heating oxygen 
containing Si crystals at temperatures above 300 С various 
reactions can take place. The effect of heat treatments are 
rather complex. It appears that: 
1. Heat treatment of oxygen containing silicon crystals at 
temperatures between 300 С and 500 С leads to the formation 
of groups uith an increasing number of oxygen atoms. The most 
uiell кпошп center is a donor located at E_-0.16e\/t E r de­
notes the position of the conduction band. Because the ini­
tial rate of donor formation is proportional to Γθ1 , 
Kaiser (réf. 11.12) has suggested that the donor activity 
is due to a SiO. unit. 
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Graff and Pieper obserued that SiO. donor formation is accom­
panied uith an increase in the carrier lifetime (ref. 11.13;. 
This lead them to assume that the SiO units are effective 
gettering agents for metallic impurities. 
A considerable drauback to this SiO. model is the tact that 
the ditfusiuity of oxygen at 450 С is too Ιοω to account for 
the obserued donor formation. This led Helmreich and Sirtl 
(ref. 11.14) to postulate another model tor the donor: a 
substitutional oxygen atom, uhich is stabilized as a donor 
by complexing uiith a vacancy. 
Besides the donor level at C
r
-0.1BeU other levels have been 
found in CZ Si after heat treatment at températures around 
450 C. Acceptor and donor levels are reported, e.g. a level 
at Ер-О.З е (acceptor, ref. IT.15), L
c
-0.J1oU (donor, ret. 
11.16) and С +0.35eU (acceptor, refs. 11.17 and II.IB), 
E.. gives the position of the valence band. Besides as acting 
as an active electrical center these oxygen complexes can also 
function as passive electrical centers for electrons and 
holes. It has been reported that the SiLL donor level at 
Ep-O.IBeU and the Е
г
-0.3 е acceptor level can act as trap­
ping centers (refs. 11.15 and 11.18). In addition the ob­
served C..+0.35eU acceptor level acts as an efficient recom­
bination center (ref. 11.18). 
Furthermore tuo hole traps located at L
r
-0,32eU and E
r
-
О.БЗе have been found (réf. 11.19). Oxygen seems to be in-
volved in these traps, as suggested by the tact that the lo-
uest trap densities are found in floating zone silicon. 
The oxygen complexes formed at 450 С can be destroyed by heat 
treating a sample at temperatures above 500 С (refs. 11.20 
and 11.21). 
2. Heating at 100Ü (J seems to "stabilize" the oxygen in si-
licon in that the formation of donors is greatly reduced in 
a subsequent heat treatment at 450oC (réf. 11.21), at 100GoC 
precipitation of Si0_ as a separate phase has to be assumed. 
These precipitates act as optical scattering particles 
a 
(refs. II.9 and 11.12) and generate dislocations in the Si 
matrix by the mechanism of prismatic punching (refs. 11.22 
and 11.23). Such dislocations can act as gettering centers 
for metallic contaminants (réf. 11.24). 
3. No configuration of oxygen is in-euersible. A heat treat-
ment at 1350OC uill undo the clustering produced by heat 
treabment at 10G0OC (ref. II. ¿ ) . 
As regards the interaction of oxygen uith vacancies the fol-
louing remarks can be made. An interstitial oxygen atom can 
combine iiiith a vacancy to form a so-called A center, luhich 
is associated with an acceptor leuel at Er-0.17eV and an in-
frared absorption peak at 12 um, anneal temperature *e B50K 
(refs. 11.25 and II.26). Furthermore E.P.R. spectra haue 
been obtained of U-ü, V^ D-,, V-,0, V-iO- and \/,07f in uhich 
U stands for a silicon uacancy (refs. 11.27 and II.2Θ). 
All centers containing a uacancy have been detected in sili­
con uhich had been previously irradiated with electrons, as 
a result of uihich a high vacancy concentration is created. 
Oxygen can interact with deep impurities like Cu (réf. II. 
29) and Ni (réf. II.30) in the presence of vacancies, uith 
shalloui acceptors (B, Al, Ga) to form shallou donors (ref. 
11.31). Oxygen reacts uith Al and leads to the precipitation 
of A1203 (refs. II.Б and 11.32). 
From IR absorption studies Bean and Мештап (réf. II.33) con-
clude that also C-0 complexes are formed at temperatures 
around 450 C. 
The energy levels and electrical activity of centers asso-
ciated uith oxygen in silicon have been summarized in 
Table II.1. 
TABLE II.1. OXYGEN RELATED CENTERS IN SILICON 
Energy leuel 
E
c
-0.16eU 
E
c
-0.17eV 
E
c
-0.31eV 
E
c
-0.32eU 
E
c
-0.3BeU 
E
c
-0.63eU 
E
c
+0.35eU 
Electrical activity 
donor, trap 
acceptor 
donor 
trap 
acceptor, trap 
trap 
acceptor, recombi­
nation center 
Reference 
11.12, II.18 
11.25, II.2G 
11.16 
11.19 
11.15,11.18 
11.19 
11.17, 11.18 
From the information presented in this chapter it is clear 
that processes like pair formation, dissociation, agglome­
ration and precipitation involving carbon, oxygen and lattice 
defects are likely to occur during the processing of sili­
con. 
Apart from the changes of the electrical properties of Si 
due to the above mentioned processes unknoun donor activity 
uas found in literature after rapid cooling of silicon heat 
treated,at temperatures above 1000oC. This effect is stu­
died in chapter III. 
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CHAPTER T U 
Heat treatment of silicon and the nature of thermally induced 
donors 
H. J Rijks, J. Bloem, and L J Giling 
Catholic University, Faculty of Science, RIM Department of Solid State Chemistry, Toernooiveld, 
Nijmegen, The Netherlands 
(Received 17 April 1978, accepted for publication 19 July 1978) 
Silicon, heat treated to temperatures above lOOO'C followed by a rapid quench, shows 
a donor activity due to the so called thermally induced donors (TID's) In this paper it 
is shown that for samples treated in this way the TID efFcct and the behavior of the 
resistivity as a function of time after quenching is exactly the same as for similar 
samples which have been deliberately doped with iron Hall measurements reveal the 
same donor levels at £
v
+ 0 40 eV in both cases indicating that unintentional Fe 
contamination may have taken place in the former samples during high-temperature 
treatment An extra argument in favor of the opinion that TID's do not originate from 
an intrinsic effect but are due to unwanted doping is given by the fact thai the entire 
T I D effect Lan be eliminated by treating the samples in a H flow containing a few 
percent HCl and 100 ppm O, This mixture, which has no etching capacity, has a 
strong get tering effect for Fe because of the high volatility of the iron chlorides in the 
gas phase Samples heated in this gas mixture and quenched rapidly remain completely 
free of TID's and show no other donor activity within the accuracy of the 
measurements 
PACS numbers 71 55 Fr, 81 40 Rs 
INTRODUCTION 
When silicon is heated to temperatures above 1000 "C 
and thereupon rapidly quenched to room temperature or 
below, the formation of donors can be observed from the 
change in resistiv ity or even from the change in conductivity 
from ρ type to η type Several authors' ' have examined this 
TID effect (thermally induced donors) Most of them agree 
in a donor level at Et + 040eV Table I gives a survey of the 
existing literature at this point 
The precise nature of these TID's is not known al­
though models range from an intrinsic donor formed by in­
terstitial silicon 1 to vacancy clusters That the effect is con­
nected with heat treatment is beyond doubt but, because of 
the very small change in carrier concentration which is in­
volved in this effect ( ~ 10'Vcm ), one must always be aware 
of the fact that silicon at high temperatures is very apt to the 
introduction of unwanted impurities One of the most likely 
candidates for such a contamination will be Fe which is 
known to introduce a deep donor level in silicon, the silica 
wall or the furnace elements or even the ceramics acting as 
sources for the Fe contaminations For comparison, the rel­
evant information on Ге is collected in Table II The shift m 
donor level from £, + O-WcVtoA', 0 55eVisaitnbuted to 
Fe-B pair formation l0 From Table II it is clear that with 
regard to the first observed donor level, there is a marked 
resemblance between the levels of Fe and those of the TID's 
(Tabic I) and к may well be that TID s in fact are Fe atoms 
introduced from the quartz walls into the silicon sample dur­
ing the heat treatment Collins and Carlson (Ref 9, footnote 
6) had first noted the resemblance of the iron level to the TID 
level, but could not prove the relationship In this paper 
TABI E I Observed TID levels in Si 
Author 
(ЯеО 
Gallagher (1) 
Bemski (2) 
ElsmcrO) 
Swanson (4) 
Swenson (5) 
Vikiora (6) 
Колого а (7) 
Leikoschek (β) 
Healing 
temp 
ГС) 
800 П50 
600- «00 
840 1025 
800-1150 
1000-1200 
900 950 
1100 120O 
350 1350 
900-1400 
(Quenching 
rate 
CC/s) 
ι 
8ХІСГ 
W 
3x10- 5x ΙΟ­
Ι 
L o w 
L o w 
10* 
ma« 10· 
Fnergy 
levels 
(eV) 
F - (0 35 lo 0 40) 
E Ю 4 0 
E + 0 37 
E t 040 
f t ч0 05 
E \ 0 002 
E - 0 28 
E 0 35 
F, 0 07 
£, - 0 32 
t t 040 
Type of 
level 
Donor 
Donor 
Donor 
Donor 
Donor 
Donor 
Donor 
Donor 
Donor 
Ai-ceplor 
Donor 
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TABLE II Observed Fe levels in Si 
Author 
( И е П 
Collins (9) 
S h e p h t r d ( l O ) 
B e n d i M i n 
ВоІикЧІ2) 
Z o l o l u k h m O M 
i h u l z l U ) 
Heucing 
lemp 
CO 
1200 
1200 
1200 
11ХЮ-1М0 
1200 
Fn « g y 
l o t i s 
K-V) 
L 
E 
F 
£ 
f 
F 
F 
E 
F 
F 
E 
F 
t 0 4 0 
0 55 
+ 0 4 0 
- 0 55 
ι 0 4 0 
- 0 55 
0 10 
+ 0 4 0 
- 0 1 ? 
0 24 
- < 0 2 S 
- 0 5 
Т у е or 
levtl 
Donor 
Donor 
Donor 
Donor 
Donor 
Acceptor 
Donor 
Donor 
Acceptor 
Acceptor 
Donor 
Donor 
more evidence will be given for this hypothesis and m addi-
don a processi π £ method will be given by which il is possible 
lo eliminale the entire T I D efleel 
EXPERIMENTS AND RESULTS 
For the quenching and doping experiments 
Czothralski silicon slices p 5 0 ¿ i m th i tk . / i type, В doped. 58 
Ω cm) were used The heat treatment took plate in a normal 
diffusion furnace containing an alumina tube inside which a 
silica tube was placed For the T I D study a similar technique 
as gi\en b> I eskoschek " was used, ι e , the silicon samples 
were placed in a small capsule—one side open, the other side 
closed, hut provided with a small opening to allow fora small 
gas flow through the capsule The capsule fitted closely in 
the quartz t ube Dy using gas pressure I he capsule can be shot 
toward (he end of the silica lube, where the capsule is held 
back, the sample will release itself automatically and is shot 
into the cooling liquid Several quenching agents were tried 
(liquid N , Freon 1 ), water, and a copper plate covered with 
a thm layer of glycol) Liquid N was preferred because this 
technique gave no contamination on the surface (as, e g , 
carbon when organic liquids are used) and introduced less 
damage to the crystal as compared with water For the T I D 
study (he samples were cleaned and heat treated for 2 h in a 
H .flow of 8 2 c m / s a l 1110 °C following again the procedure 
given by Leskoschek Directly after quenching, the room-
temperature resistivity was measured as a function of time 
A typical p-vs-/ plot is given in Fig I The T I D activity is 
obvious from a starting value of 58 Ω cm corresponding 
v i i h V 4 = 2 X 10''/cm , the resistivity 1Ü min after the heat 
treatment has changed to a value of 6 X 10' Ω cm {p type, 
Λ « = lO'Vcm') so that about 2 x 1 0 " donors have been 
formed per c m ' The gradual increase οι ρ al larger t certain­
ly is due to ι he kinetic effects associated with the nonequi lib­
rium situation caused by the quenching 
A similarp-vs-f plot has been given by Shepherd , 0 m his 
study of the dopant characteristics of Fe mp-type Si, the 
gradual increase \x\p with time being explained in that case 
by Fe-B pair formation The indication that the T I D effect 
might be associated with the presence of Fe gams ground in 
light of the similarity between l he obsen ed energy level posi­
tions belonging to the T I D ' s and to Fe (Tables I and I I ) In 
connection with this possibility it was decided lo compare 
the behavior of Fe-doped silicon samples with undoped sili­
con after high-temperature treat men I followed by rapid 
quenching T o this end the experimental conditions had lo 
be changed such as to be sure that the incorporation of Fe 
took place under well-defined conditions comparable to 
those used in Refs 9 - 1 4 After a slight wel oxidation and 
etching, the silicon samples were covered with a thin layer of 
Fc by vacuum sublimation The samples were placed in an 
evacuated quartz ampule of dimensions equal to the open 
capsules used in the T I D study After adrivmg-in period of 2 
h a t 1200"C the complete capsule was shol mio water Be­
cause of ι he quartz wall. I he samples were not quenched as 
rapidly as in the T I D study Therefore the samples, after 
removal from the capsule, were given two separate anneal 
treatments of 5 m m each according to the procedure given by 
S h e p h e r d 1 ^ ! temperatures ranging from 900 to 1 lOO'C.and 
rapidly quenched as described in the T I D study Then the 
Fe-Si alloy was removed from ihe sample surface by etching 
in a mixture ο Γ Η Ν Ο , / H F / a c e l i c acid Each sample was 
accompanied by a separate reference sample which only was 
excluded from the Fe sublimation and Fe-Si alloy removing 
steps 
From both the Fe doped samples and the reference 
samples ρ vs t curves were obtained For typical results see 
Fig 2 from which follows that for both types of samples the 
initial donor activity increases with increasing anneal tem­
perature In the case of Fe-doped samples this behavior 
might be explained a*, follows During quenching from 
1200 *C the samples are not cooled as rapidly as in the T I D 
s u d y as explained earlier This allows Fe to precipilale be­
cause of a lower solubility of Fe in Si al lower temperatures, 
reducing in this way the number of electrically active Fe 
atoms During the following anneal procedure Fe will dis­
solve again, and it dissolves more the higher the second heat-
treatment temperature is The situation obtained after two 
separate anneal treatments of 5 mm is frozen in because of 
the fast cooling rate As a consequence more Fe donors are 
presen) m Si annealed at higher temperatures, causing a 
higher ρ type resistivity The higher the Fe concentration, 
и 
G 
¡ю' 
Χ? 
. 
ο χ
-
* 
TI*C (MbUTES) 
FIG I Room temperature resistiviiy зч a lunction of urne of a heat treated 
and quenthed silicon sample The nnginal resistivity before heat treatment 
emountedto ^І Ω cm ρ \у\к Heal ircatmeni 2 h at l l lO'Cm в H, flow of 
e2tm/s 
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TIME CMI4JTE5) 
FIG 2 Room icmperaiure resisi ivu), versus lime plots oTundoprdC -)and 
he doped ( ) silicon samples Original resishviiy 58 il tm ρ type Drive m 
time 2 h л I200*C Afier removing from their capiules the samples were 
twice annealed for 5 mm di /"var^ing from 900 to 1100'C Collowed by a 
rapid quench 
Ihe sooner the Fe-B pair formation will be observable, as is 
demonstrated in Fig 2 by the faster increase οΐρ with r at 
higher anneal temperatures Very remarkable of course is 
the one and the same behavior of Fe-doped and undoped 
samples both of which are comparable with thep-vs-f plot 
presented b> Shepherd in his study of Fe-B pair formation in 
Although this behavior already strongly indicates that the 
thermally induced donors are due to Fe, supplementary Hall 
measurements were performed to check whether both Fe-
doped and undoped samples revealed the same dopant levels 
1 
ΔΙ=120 HOflS 
Е и Л М Л / 
tí 
• jy 
r 
/ / -Hi 
V / ΔΙ=3 HOURS 
/\txfOa«i 
ÛI=72H0URS 
NEa c ,=046rt 
O 3 / T ( K"1) 
FIG 3 Hall measurements as a funclion of lime after quenching For Fe 
doped samples Dnve m lime 2 h л 1 ZOO 'С Followed by two separale 
anneals of 5 mm at 1000'C combined with a quench 
8. 
AI = 3HXRS 
FIG 4 Hall measurements as a function of time after quenching for un 
doped reference samples Heat treatment 2 h at 1200 *C, followed by two 
anneals of *> mm at 1000 'C and a quench 
and, what should be even more characteristics, whether both 
showed the same shift in energy levels as a function of time 
The results are shown in Figs 3 a n d 4 The change in activa­
tion energy from E, ч 0 40 eV to El ·+ 0 50 eV, caused b> 
Fe-B pair formation corresponds to the change in donor lev­
el found by Shepherd lü 
These results leave little doubt about the nature of the 
TID effect The maximum solubility of Fe in Si is about 
5 x lO'Vcm' at 1200 "С, и a quantity which is of the same 
order as the change in carrier concentration claimed to be 
due to the TID's, taking into account the Fermi statistics , 0 
Moreover, the high diffusion coefficient of Fe in Si, viz , 
:=:7x 10 ' cm /s at l200 oC l* is large enough to ensure that 
(he unwanted dopant he is homogeneously distributed in the 
crystal With regard to the iron source it is assumed that the 
Fe contamination originates from the quartz walls of the 
reactor tubes It has been proven by activation analysis that 
after a while the Fe and Cr content of the quartz wall inside a 
furnace increases due to evaporation of Fe and Cr from the 
heating spirals " This is especially valid for the silica tubes 
inside a diffusion furnace where the concentration can be 
built up due to the prolonged heating periods of these fur­
naces Cu contamination up to S X 1010 atoms/cm1 has been 
observed by Nes eí ai " after high-tem pera tu re treatment 
followed by slow cooling, again indicating contamination 
from an outside source We also tried twice by neutron acti-
vation analysis to obtain more direct evidence of the Fe con-
tent in the reference and Fe-doped samples Because of the 
scatter in both results, no positive conclusions could be 
drawn 
GETTERING OF IRON 
When it is supposed that the TID effect originates from 
a source outside the silicon crystal it should be possible to 
avoid this contamination Го this end double-walled fur-
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F I G 5 . V ( p n f l e r q u e n c h m g - / > o r i g i n a 1 ) v e r s u s l l C l c o n 1 e i i l earnergas is 
H at a ftowrale of 8 2 c m / s 
naces have been employed '· We have looked Tor a suitable 
get tering (ethnique II was found that when (he quartz tubes 
were treated for a long time with gaseous HCl al high lem 
peratures the T I D tffect could be reduced consideraba 
showing that the quartz tube WJS purified from I с during 
that period A still better result is obtained when ihe silicon 
crystal is in сопіасі with IIC1 during thi. high temperature 
treatment In device technology gettcrmg with HCl iscom 
mon practise Л clear relation appears to exist between 
Δρ and the HCl content in the gas phase as can be seen in 
Fig S It is evident that already a small amount of HC I is 
sufficienl to have a marked influence on the presence of 
TID s (compart Ap , ~ ΙΟ1 Ω cm for Wc HCl obtained 
in the TID study with d/j=6() Ω cm for 0 2% HCl) I n p 
pcared that the addition of 100 ppm О or Η О in the 
Η /HCl flow prevents etching of silicon by HCl (Ihisphe 
nomenon will be dealt with in a forthcoming paper ) Under 
these conditions a thin continuous oxide layer is formed (hat 
prevents further attack This gas mixture appears to act asa 
80 
60 
40 
о » о 
• 
о 
ю* 1 0
J
 ю * 
TIME (MINUTE5) 
М О Ь R i o m temperature г с м м і х і і o f heal treated and quenched si l icon 
samples as a fu HL ι ion n f n m c O r i g i n a l г щ м і і іу * Н Я c m /H>pe Heal 
t r c j i m e n l 2 h a i I M O C i n a I I Ппм k o n l a i m n g 2 18 vol % H C l and 100 
F l u 7 H a l l measurements for лп л\ g r o w n sample (a) and for a sample 
heal l real ed for 2 h Μ 1110 С in a H flou l o n l a i n i n g 2 IH v o l · } H C l 
f o l l o w e d by a rapid quench (b) 
strong gettering agent for mclallic impurities probably be 
cause of the high volatility oft he nutallic chlorides in combi 
nation with the thin oxide layer on the surface of silicon The 
geltenng effect agdin points to a contamination of the silicon 
from an outside source in conirasi to the opinion ofCorbett 
eia! who rule out contamination of Si wiih F e during high 
temperature treatment t-igurcs 6 and 7 show tvpicalp vs t 
and Hall curves fora C/ochralski Si sample which uas heal 
treated for 2 h at 1110 "C in the above mentioned gas mix 
ture and afterwards quenched rapidly The mobilities before 
and after heat treatment were exactly the same О50 
cm/V s) For comparison in Fig 7 also a Hall curve is given 
for an as grown sample In the measured temperature range 
from room temperature to 77 К the data were exactly the 
same as the ones obtained for the sample heat treated in 
H /2 IWc HCl followed by a rapid quench The/? vs /curve 
was also measured for a high resistivity « type sample (55 
/2 cm 450jum, thickness Ρ doped) after 2h heating in (he 
ΐ 60 
Ю Ö2 ю3 η* 
TIME (MINUTES) 
F I O 8 R o o m temperature res istmty o f a heal treated and quenched я 
type P-doped si l icon sample a s a f u n c t i o n of ι ime O r i g i n a l resist m i у 55 
IJ c m I l e a i t r c a l m e n l 2 h a t I N O C i n a H flow c o n t a i n i n g 1 07 Ы% H C l 
о 
к
 0 
о » о 
I I 1 
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above-mentioned gas mixture at Τ — 1110 *C followed by a 
rapid quench (Fig 8) No change in resistivity was observed 
in this case either 
DISCUSSION AND CONCLUSIONS 
The above given evidence can be recapitulated as 
follows 
(1 ) The/7-VS-/ plot of the TID effect is equal to thep-vs t 
plots of Fe-doped samples 
(2) The same energy levels are observed including the 
shift due to pairing with boron 
(3) The change in earner concentration due to TID's 
never exceeded the solubility of Fe in Si 
(4) The T I D effect can be eliminated by a proper getter-
ing technique illustrating that the unwanted contamination 
originates from an outside source 
The experimental evidence points to an extrinsic effect 
and makes Fe a likely candidate for the TI Deffed However, 
it may be that the presence ol chlorine and oxygen influences 
the concentration of vacancies and interstitiels in (he silicon 
IdttiLe 2 the effetl of chlorine being to create vacancies in the 
surfat-e which may diffuse mio the bulk and the effect of 
oxygen being to create silicon interstitials Both effects may 
cancel each other and this gives a possible alternative for the 
absence of a TID effect which is of intrinsic nature Howev 
er in light of the above given resemhl^nLebeiwet'n iheelec. 
tncal characteristics an extrinsic source such as Ге is mo'e 
likel) The oilier levels for I ID s which sometimes are oh 
served can likewise be attributed to a contamination of Ihe 
silicon lattice with fast diffusing impurities as Fe Cr Au 
and Cu, although ihe formation ol complexes as \\\tA center 
cannot be ruled out completely 
\ote added in proof In order to explain the results of 
Corbett et al l »ho did not find a defect level when Si »as 
cooled slowly, whereas on fast cooling a thermally induced 
defect level was observed il can be said that in the slow 
cooling cycle probably cluster formation of the Fe particles 
took place which inactivated the Гс centers That an outside 
source is responsible for Fe contamination has very recently 
been confirmed by Weber and Riotte " They concluded 
from EPR measurements combined with neutron activation 
that silicon material is contaminated by Fe during heat treat­
ment So together with the above-given analysis which is 
based on electrical measurements it is evident that thermally 
induced donors with very great probability can be assigned 
to Fe donors introduced during subsequent heat treatments 
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THE EFFECT OF TRACE AMOUNTS OF OXYGEN ON THE HCl ETCHING OF SILICON 
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The introduction of small amounts of oxygen (or water) during the gas phase etching of silicon with HCl at high temperatures 
(1400 K) has a pronounced effect on the etch rate When at fixed HCl vapour pressure and temperature the oxygen concentration 
is inaeased from 1 to 20 ppm the etch rate increases due to the parallel etching of silicon according to Si + 2HC1 -* S1CI2 + H? 
and Si + JOj -* SiO Going to higher O2 concenlrations the total etch rate passes a maximum and beyond 40 ppm O2 - depend­
ing on Г and carrier gas - (he total etch rate drops to zero This is due to the formation of an oxide skin at the silicon surface, 
which layer physically hinders the etching of silicon with HCl In argon this oxide layer has a closed structure causing an abrupt 
drop of the total etch rate within a very narrow range of oxygen input concentrations In hydrogen the oxide layer has an open 
structure so that the HCl etching is only partially interfered with and the total etch rate only very gradually goes to zero with 
increasing Oj input concentration The observed formation of S1O3 on Si in Hj and Ar systems with and without HCl agrees with 
thermodynamical calculations on the formation of a second solid phase of S1O2 This demonstrates that near-equilibrium condi­
tions are present during the etching of silicon in the systems studied 
1. Introduction 
High temperature gas phase eKhing of Si by HCl 
has been the subject of several studies Depending on 
temperature and HCl input pressure, either a smooth 
or a pitted surface structure results, as was demon­
strated by Burmeister [1] and Van der Putte et al 
[2] In a study on the getiering effect of a gas mix­
ture consisting of HCl and trace amounts of Oj (or 
H20) on silicon during heal treatment [3], it was ob­
served that, although HCl and O2 both are elchants, 
beyond a critical 0 2 concentration of about 50 ppm 
the gasnuxlure consisting of H2 (or Ar) and HCl 
appeared lo have no etching capacity 
To the authors* knowledge no literature exists 
dealing with the oxidation and etching of silicon in 
such diluted Hj/Oj-HCl gas mixtures, although, of 
course, quite a number of publications are known on 
the thermal oxidation in concentrated 0 2 /H]0 or 
even pure 0 2 gas ambients Oxidation of silicon in the 
presence of chlorine has only recently received atten­
tion [4,5), especially because of the presence of a 
chlorine rich phase at the oxide- silicon interface [6]. 
All of these studies, however, are on oxygen rich gas 
atmospheres 
So because of the lack of information on the oxi­
dation of silicon in diluted H2/O2 systems and the 
combined effect of oxygen and chlorine on the oxi­
dation and etching of silicon, a more systematic 
study on this effect was carried out 
2. Experimental procedure 
For the etching and oxidation of silicon a normal 
resistance healed diffusion furnace, fitted with a 
silica tube, was used The temperature was measured 
by thermocouples As carrier gases H3 and Ar were 
used at a flow rate of 60 cm/s These gases were puri­
fied from HjO and Oj using a combination of mole­
cular sieves and catalysts and controlled on their H2O 
and 0 2 contení by means of Beekman and Hersch 
cells The maximum impurity content was found to 
be 1 ppm For the etching gas electronic grade HCl 
(Gardner 5N) was used As oxygen source a 0.92% 0 2 
in Ar mixture was used which was diluted to the 
1Θ 
HJ Rtjksetal I Effect of trace amounts of oxygen on HCl etching of St 
desired 0 2 content by means of a standard gas mixing 
system The set up also allowed for the introduction 
of HjO by passing an Ar gas flow over a water surface 
m a saturation cell The silicon material consisted of 
ρ type, Al doped, float /oned, 40 to 60 Ω cm wafers 
wilh a thickness of 250 μιιι, with one side polished 
and the other bide lapped The samples were cleaned 
using dcionised water, ethanol, trichlorocthylcnc, 
nitric acid and fluoric acid The samples were placed 
on a silica substrate holder inside the tube in the 
furnace Before each experiment, in order to reduce 
surface damage and contamination, the samples were 
given a pre etch during 5 min, removing 2 S to 15 μπι 
material, depending on temperature and type of car 
ncr gas The etching experiments were carried out in 
Hj and Ar mixed with a constant percentage ol HCl 
(0 57°) into which various amounts of Oj or HjO (up 
to 100 ppm) were introduced The mean etch lime 
was about 1 h Tie HCl concentration was chosen so as 
to ensure that without 0 2 or H^O impurities after 
etching a smooth and pit free surface results [2] In 
this way it was ascertained that differences in the sur 
face morphology could be contributed to the effect 
of O2 and H 2 0 The etch rate was determined by 
weighing and thickness measurements, taking into 
rim effects and backside etching 
3 Experimental results 
In Tigs l a-Id the etch rate of silicon asa function 
of P02 (input) is given for 4 temperatures and the car 
пег gases Hj (figs la and lb) and Ar (figs I с and 
Id) with and without the presenceofO 5% HCl From 
figs la and 1c it follows that for pure H2/O3 and 
Аг/Оз at low /Jo3 the etch rate increases with 
increasing ;\>2 (input) up to a maximum which ь 
temperature dependent At higher Oj concentrations 
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Fig 1 Etch rates of silicon ui (a) H 3 , (b) Η2/Ο 5% HCl, (с) Ar, and (ä) Ar/0 Ь% HCl, at 4 temperatures as a function of ihc 0 ; 
Input concentration 
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И J Rl/ks et al / hffeci of trace amounts of oxygen on HCl etching of Si 
the etch rate drops to zero The etch rate in the Hj/ 
HCl and Ar/HCl systems (figs I b and 1 d) starts at the 
value of the etch rate of siliLOn with 0 5% HCl and is 
increased over this starting value with the amounts 
given in figs la and 1c This indicates that the two 
etching reactions 
Si + 2 HCl -• Sid, + Η, , 
Si +J02->-SiO , 
(1) 
(2) 
run parallel and can be considered to be independent 
When the Ar systems are compared Willi the Hj 
systems the following remarks can be made 
(1) Etching with Oj in pure Ar is similar to the etch 
mg of Oj in Hj, bul the drop to zero etch rjte in Ar 
is at somewhat lower input value of p o i a n ^ 1S СГУ 
abrupt 
(2) The etch rate caused by HCl in Ar is about 5 to 
6 times higher than in 11] Because ol this high initial 
etch rate the additional etching ol Oj in Ar is hardly 
detectable Here, too, the drop to /ero etch rate 
occurs in a very narrow range of oxygen input con 
cenlrations 
In order to gam more insight in the effect of 
carrier gas on the sharp (Ar) or more gradual ( H Î ) 
drop to zero etch rate at higher poj (input) some 
experiments were carried out with a mixture of car 
пег gases The results arc collected in fig 2 
From this figure it can be seen that the introduc­
tion ofO 5% H j in the Ar/HCl system docs not produce 
a noticeable effect on the etch rate as follows from a 
comparison with fig Id This can be expected 
because in the Ar system nearly all the HCl (input) 
will be converted into Hj and SiClj according to eq 
(1) and so the input of 0 5% HCl nearly gives 0 25% 
H2 When 37o Hj IS introduced the etch rate drops con­
siderably as is likewise to be expected from eq (1) 
The sharp drop to zero etch rale still proves that the 
presence of 3% H2 is not enough to give any influence 
on the oxidation effect, only when a 1 1 ratio of Hj 
to Ar is used the hydrogen character on the oxide 
formation dominates 
With regard to the nature of the oxide layer it can 
be said that the oxide skins grown in Ar and H2 arc 
quite different the oxide layer grown during 1 h in 
Ar is thick, very dense and closed, whereas in Hj the 
oxide layer, which is grown in the same time, is very 
thin (<I000 A) and has an open structure In order 
to examine whether H2 is able to attack an oxide 
film, H2 mixed with various amounts of oxygen (in 
the range 27 5-62 5 ppm Oj) was passed over a Si 
surface which was previously oxidized in Ar/HCl at 
7"= 1415 К In all these experiments pits were 
formed when the hydrogen contained a low amount 
of oxygen (<40 ppm) both the oxide layer and the 
underlying Si surface were attacked, at higher O? con­
centrations, 1 e above oxygen concentrations giving a 
stable oxide layer in H2, the number of pits decreased, 
as well as the depth of the pits In the latter case only 
the oxide layer was attacked 
It is likely that in the H2 system all input 0 ¡ is 
converted into Н 2 0 and that instead of oxygen water 
is the etchant gas Therefore some additional experi­
ments were performed in Ar, with water as input 
oxidizing agent The results were essentially the same 
as obtained with Oj (fig J) 
α 
\ 
-.-L 
1A15K 
α Ar/HCl 0S*/./HjQ5·/.. 
• Ar/HClQ5*/./H2 Э . 
• А//на05Ъ/Нз50% 
• Аг/Н205*'. 
2 0 U} 60 
Oj (inpul) (ppm) 
Pig 2 Ltch rate of silicon in Аг/Нг mixtures with and with­
out 0 5X HCl as a function of the 0 2 input concentration (Г= 1415 К) 
40 80 120 
H2O (input) (ppm) 
tig 3 Etch rate of sibcon in Ar/0 5% HC] at T= 1415 К as a 
function of the HjO input concentration 
20 
HJ Rijks et al / tjfect of trace amounts of oxygen on HCl etching of Si 
4. Surface morphology 
Dependent on the type of carrier gas and the tem­
perature the surface morphology changes with 
increasing O2 concentration. Going from low to 
higher O2 input concentrations the following changes 
in surface structure can be observed, in the regions a, 
b and с as indicated in fig. 4. 
In all systems at low ppm O2 (input) (<37 ppm 
Oj at T= 1415 K) flat surfaces, sometimes with 
bunches, are observed (fig. 5a). In the H2 systems at 
somewhat higher O2 concentrations up to values cor­
responding to the maximum in the etch rate (40 ppm 
O2) the surface breaks up and facet formation takes 
place (figs. 5b and 5c)- This phenomenon is observed 
O2 С input J ( p p m ) 
lig 4 Uchrateofs ihtoninHj/OS'/ HCl at 7 = 1415 К asa 
funttion of the O2 input concentration Indicated arc the 
three regions with respect to the surface morphology as 
described in the text. 
Fig. 5. Surface morphologies after etching ш 1^/0.5% HCl at Г = 1415 Kat (a) 36.6 ppm02,(b) 38.5 ppmOj. íc) 39 5 ррпіОз. 
and (d) 47.6 ppm Oj . 
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Fig. 6 Surface morphology after etching in Мг/О.З''1 HCl at 7" = 
(b) detail of (a) at 7x magni fica tio η (optical microscope), 
in a very narrow range of oxygen input concentra­
tions. Ultimately üt still higher 0 2 concentrations on 
these large facets inverse heterogeneous nuclealion 
takes place which finally results in the formation of 
large macroscopic triangular and hexagonal etch pits 
(fig. 5d). 
With still increasing oxygen concentrations the sur-
face becomes more and more covered with Si02. The 
Si02 particles hamper the etching via the crystal-
lographic etching directions and the complete surface 
breaks up into an irregular structure (fig. 6a), It 
appears that under these circumstances etching 
especially takes place in a vertical direction as is to be 
seen in fig. 6b, which is a magnification of fig. 6a. 
In the Ar systems a similar morphology is observed. 
However, in contrast to the H2 systems here a closed 
SiOj skin is formed This is reflected in the abrupt 
fall of the etch rate to zero. 
5. Discussion 
In order to interpret the experimental data ther-
niodynamical calculations were carried out on the 
Si-H(Ar)-0 CI system using the thermodynamical 
data given in the JANAF tables [7]. The result of 
these calculations for T= 1400 К is given in figs. 7a— 
7d. In each diagram the solid phases of both Si and 
S1O2 were taken into account. Solid Si is constantly 
present, whereas the formation of S1O2 manifests 
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1415 К at 99 I ppni O; (a) same magnification as figs. 5a~5d; 
itself beyond a critical 0 3 pressure by the fixed values 
for the partial pressures of the Si-0 compounds. As 
the etch rate can be supposed to be proportional to 
the sum of all the partial pressures of the reaction 
products we have 
u
e a h ~ E ^ S U ( ) m C , l n 
It is thus possible to compare the theoretical results 
with the experimental data. This is done in fig. 8 
where the expefimental etch rates of all the systems 
are collected for 1415 K. The theoretical etch rates 
are scaled to one point of the pure H2 system. On the 
abscissa only oxygen values below the value for S1O2 
formation are given. 
A number of conclusions can be drawn from the 
figures 
(1) From fig. 8 it follows that oxygen etching in 
pure Ar and pure H2 is directly proportional to the 
oxygen input concentration. This is m agreement 
with the theoretical calculations (figs. 7a and 7c) 
from which it follows that in both cases the O2 input 
is completely converted into silicon containing reac­
tion products (i.e., SiO). So the same etch rates are 
expected and indeed found in Ar and H2. 
(2) The theoretically expected increase in the 
etch rate due to the presence of 0.5% HCl is con­
firmed experimentally in the H2 system (fig. 8); in 
Ar the observed etch rate due to HCl is lower than 
theoretically estimated. This may be due to the fact 
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system with 0 S% HCl in argon 
that m Ar a large amount of the input concentration 
of HCl is consumed in the etching reactions (0 5% 
input-*· 0 01% in equilibrium), whereas in H2 the con 
version percentage of HCl is very low (0 5% input -*• 
0 45% m equilibrium, compare figs 7b and 7d) The 
consequence of the high degree of conversion in Ar 
may be that the transport of HCl to the surface 
becomes rate limiting This means that the etch rate is 
lower than expected from Ihermodynamical data 
alone 
(3) From figs 7a—7d the oxygen concentration 
where the first formation of Si02 occurs can be 
deduced This transition point was also calculated as a 
function of temperature Fig 9 gives the result for 
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001 
1400 К 
* 
N
 Anas·/. HCl 
H2/a5-'.HCI 
/ 
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/ i й H 2 
e ЯРЕЙ 
ГКСОН 
ю O j ( i n p u t ) ( p p m ) 
Fig β Calculated (fuit curves) and experimental (dashed 
curves) etch rates of silicon as a function of the O2 input 
concentration for H3 and Ar with and without 0 57 HCl 
The lower line in the diagram çivcs the etch rate of siliion 
with oxygen in pure H2 or Ar 
both the experimentally observed and llie theoreli 
cally calculated transitions lor the experimental 
points the first appearance of Si02 formation was 
taken Within the accuracy of the thermodynanucal 
data a perfect correspondence is jchieved It demon 
strates that the S1O2 formation is governed b> equi 
librium conditions rather than by kinetic effects The 
idea of equilibrium conditions during the gas phase 
etching of silicon is further supported by the observa 
tion that, except for a slight shift of the transition 
. 
e A r 
• Ar i HCl 05* / . 
Λ Η 2 
к H j / H C I 0 5 V . 
ох к * 
sa с о ' 
. . . / 
.. . / 
sur lace / 
У sofid S«02 f o r m a l r t r 
10 50 
2 ( іг^ші) (ppTi) 
t-ig 9 Lxpenmentally determined transition points for the 
first observed Si0 3 formation as a function of O2 input con 
centralion and temperature The full une gives the theoreti 
cally calculated transition for Si0 2 formation The horizontal 
bar gives a 4% uncertainty in the thcrmodynamical data 
065 070 075 
CVT (K i) 
big 10 Arrhcmus plot of the etch rate ofsihconby HCI2 m 
H; and Ar 
point towards lower рсу
г
 (input), there is no differ­
ence in the etch result when O2 or HjO is used as an 
etching agent 
(4) From the observed temperature dependence of 
UetchCHCl) (see fig 10) the apparent activation ener 
gics lor the HCl etch in Ar and Hj have been deter 
mined to be 12 + 2 kcal/molc These values, which 
arc obtained in a furnace, compare favourably with 
literature values [8], obtained in a RF heated system 
The experimentally observed absence of any impor­
tant temperature effect m the SiO etching is explained 
by the (act that at every temperature all the incoming 
O2 is completely converted into SiO, the reaction lies 
so far to the nght that no temperature effect is 
detectable within the accuracy of the experiment 
(5) The closed (Ar) and open (H2) structure of the 
oxide skin can also be discussed on basis of the above 
given equilibrium calculations It is assumed that only 
hydrogen is responsible for the open structure of the 
oxide film This is concluded from the results given in 
fig la where, without HCl in the system, also an 
open oxide layer was obtained In addition it was ob­
served, as described in the experimental part, that H^ 
was able to etch the S1O2 layer, most probably due to 
the reaction S1O2 + H^ -• SiO + H2O The important 
observation that in the H2-O2 system not only the 
surface of the oxide layer was etched but also the Si 
at the SiOj interface may give the clue to the open 
structure of the oxide layer in H2 systems At the Si— 
S1O2 interface only the partial equilibrium between 
S1O2 and Si is present One H2 diffuses through the 
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oxide Uycr «ind reaches the intcrfdLC the complete 
Si H - 0 equilibrium should be established as given 
by the diagram in fig 7a From this diagram it fol 
lows thai especially the S1H4 compound has an 
appreciable vapour pressure m II2 systems and not 
in Ar systems It is thought that the formation oí 
gaseous species of the type SI^HJOÎ formed at the 
S1-S1O2 interface is responsible for the open struc 
lure in the H¡ systems the most likely candidates 
being S1H4 and H2O Upon diffusion of these species 
through the oxide layer towards Ihe surface they will 
meet an increasing oxygen conccnlralion and eventu 
ally S1II4 will be oxidi/cd into SiO, 
(6) As is outlined in the morphological description 
facet formation on the silicon surface lakes place at 
0 2 concentrations close to the maximum in the ob 
served etch rates The formation of facets may be 
explained in the following way The normal etching 
of Si by gaseous HC 1 occurs by the movement of 
steps at the silicon surface At oxygen concentrations 
near the critical concentration for the deposition of 
S1O2 some local S1O2 formation may occasionally 
take place, causing a blocking of the step movement 
The instability in the step trams will eventually lead 
to bunch formation On the leading edge of these 
bunches large facets will be formed on which pit 
formation will start in a way as described by Van der 
Putte [2 9] The small etch pits wül function as a 
source for new step trains in the three equivalent 
etching directions which become 6 fold due to oxy 
gen adsorption at the steps |10] So to respond 
properly to the etch rate from these small etch pits 
step trains will develop into the equivalent etching 
directions, creating very shallow hexagonal facets In 
H2 such local S1O2 formation is suppressed because of 
the reaction S1O2 + H, -• SiO + II2O 
So, in order to obtain blocking of step trains, a 
higher O2 content is necessary in the H2 system as 
compared to the Ar system Experimentally indeed 
facet formation and the first formation of S1O2 
occurs at lower O? input concentrations in Ar as com 
pared with H2 (fig 9) 
(7) The etch rates given in Tig 1 are relatively high 
when compared with etch rates obtained in an Kh 
"cold wall" apparatus [2 8] The absence of Ihermo 
diffusion and the effect of a relatively small sample in 
a gas stream will be responsible for the high rates of 
reaction in the furnace 
6 Conclusion 
The effect of small concentrations of O2 or H2O 
on the IK I etching of Si can be understood on the 
basis of equilibrium calculations which demonstrate 
that the oxygen etching and Si02 formation are 
subject to equilibrium conditions 
The observed zero etch rate of ПСІ/О2/Н2/АГ mix 
turcs at higher oxygen concentrations can be ot 
practical importance in the gettenng of silicon By 
treating silicon crystals m a HCl atmosphere at high 
temperatures the impurities which are present in the 
system arc withdrawn as volatile chlorides The 
presence of small amounts of oxygen wdl prevent the 
etching of silicon 
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CHAPTER U ELECTRICAL CHARACTERISATION OF HEAT TREATED 
SILICON: GENERAL ASPECTS 
U.I Choice of heat treatments 
As described in chapter I several heat treatments are 
giuen to silicon semiconductor material during the fabri­
cation of chips, e.g. oxidation of Si surfaces is carried 
out at 1000 C, dope elements are diffused into the silicon 
lattice at 900-1300oC, and a short heat treatment at 600oC 
is given in order to destroy the donors formed in Czochralski 
groun silicon during heating at 450 C. Furthermore tempera­
tures betmeen 200-400 С are used to diffuse metals into the 
Si crystal in order to obtain Ιοω resistive, ohmic contacts. 
So for the study of the effect of heat treatment on the 
electrical properties of silicon temperatures of ι ICO С and 
620 С are chosen, which are typical for device fabrication 
processes. Additionally the silicon material is given a 
heat treatment for 45 mins. at 350 С in order to fabricate 
ohmic contacts. 
Heating at 1300 С is done for 1 h in an epitaxial reactor 
under H:>/'\% HCl (the addition of HCl to the gasphase is done 
in order to prevent the indiffusion of metallic impurities, 
see chapter III). During heat treatment the crystals are 
located on a graphite susceptor covered uith Si. 
A 620 С heat treatment (for 3 h) is given to material pre­
viously heated at 1300 C. This heating process is carried out 
under N ? in a Hereaus NC 1 tube furnace in combination uith 
an Eurotherm temperature control unit capable of stabilizing 
temperatures within 1 C. During this treatment the Si mate­
rial is placed on a silica substrate holder located in a 
silica tube. This tube furnace is also used for the 350 С 
heat treatment. 
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U.2 Choice of material 
Heat treatments are кпошп to give changes in carrier density 
-1-7 "7 
in the order of IG cm" (see e.g. chapter III). So in order 
to study these effects - as is the purpose of this thesis -
the background carrier concentration of the samples which 
are studied .should not exceed 1и14С[г_~, jldct is rquivalcnl 
ωith a resistivity of 50 Ocm (in η type Si). Fur­
thermore both Czochralski (CZ) and floating zone (FZ) crys­
tals (see chapter II) are studied in order to be able to 
correlate changes in electrical properties with the presence 
of oxygen and carbon. 
Taking into account the above given considerations the fol­
lowing crystals are chosen as starting material: 
two η type, phosphorous doped silicon ingots with a resis­
tivity of » 50 Ocm, (i) a (1G0) Czochralski crystal of 
1.7 inch diameter and (ii) a (ill) floating zone crystal 
of 2 inch diameter. 
U,3 Choice of detection techniques 
During the heat treatment steps given to silicon material 
during device fabrication the electrical properties of si­
licon may change. Дз was pointed out in chapter III Fe con­
tamination may occur during processing in a diffusion fur­
nace. This unwanted indiffusion of Fe in Si can be elimina­
ted by carrying out the heating in an atmosphere containing 
a few % HCl. Apart from this contamination other effects can 
be thought of which cause the electrical properties of 51 
to change: 
a) Electrically active species which are present in the hea­
ting system and which do not react with HCl may still con­
taminate Si. 
b) Heat treatment may have the effect that species (preci-
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pitates or complexes) uhich are in an electrically inactive 
form may dissolve and become electrically active. Complex 
formation is possible betujeen intrinsic defects and dope -
of impurity atoms yielding electrically active species. 
c) As a result of high temperature heat treatment followed 
by cooling, electrically active structural defects may be 
introduced (e.g. dislocations or stacking faults). 
d) Electrically active species may precipitate in an inac­
tive form. 
The above mentioned phenomena may be reflected by the intro­
duction into the crystal of centers active as donors, accep­
tors, electron traps, hole traps and recombination centers, 
additionally the mobility of charge carriers may be affected. 
In order to characterize the silicon material after heat 
treatment the follouing detection techniques are chosen: 
**ж For the study of donors and acceptors Hall measurements 
are carried out. A description is oresented in chapter VI, 
together with computer simulation experiments uhich 
are used to evaluate the Hall data. 
*** Resistivity and mobility studies (using the van der 
Pauui measurement technique and Hall data) are given 
in chapter Uli, 
жжж Deep levels uhich may act as trapping centers are stu­
died via capacitance - voltage measurements as discussed 
in chapter U H I , 
жжж Using the photoconductive decay measurement technique 
information is obtained concerning (hole) traps and 
recombination centers, as described in chapter IX. 
жжж Optical absorption experiments can be used in order 
to determine the energy level position of centers in 
the silicon Irjttice. Thus finally in chapter X 
?4 
electro absorption measurements (which prouide a ucry sensi-
tiue method for the study of absorption phenomena measure-
ment technique) are presented. 
3Ü 
CHAPTER MI HALL MEASUREMENTS 
UI.I Introduction 
Hall measurements provide a means to determine the type and 
concentration of mobile charge carriers present in a semi­
conductor. When Hall measurements are carried out as a functio 
of temperature the ionization energy and concentration of elee 
trically active centers can be obtained. 
Not all electrically active centers can be detected using 
this technique, however. Only those centers uihose occupancy 
uith charge carriers changes in the temperature region under 
study can be detected. So in order to eb^ c'ir a complete fil­
ling or emptying of a center it is necessary that the fermi 
energy E F (describing the occupancy of the levels) moves 
through the energy level associated uith the center. This can 
be done by changing the temperature. Decause the position of 
the fermi energy level varies between F
r
 and C
r
-0.34e\/ in the 
π type crystals used in this study (see fig. VI.8) only center 
with energy levels in the above given range can be observed 
via Hall measurements. 
A second condition for a clear interpretation of Hall data is, 
that it is necessary that the temperature ranges in which 
various centers ionize do not overlap (e.g. the energy levels 
of the centers must be sufficiently apart). Thirdly the con­
centrations of the centers must be high enough in order to 
make ionization effects detectable against the background 
charge carrier concentration. 
VI.2 Experimental 
VI.2.1 Equipment 
The block diagram of the electrical circuit used for Hall 
11 
measurements i s shoum i n f i g . VI .1 
SAMPLE 
FIG. VI.1 HALL тГАЬиПЕГПГМТ: BLOCK DIALRAM ОГ THE TLCC-
TRICAL CIRCUIT. DAM = DIGITAL AMPTRL METER, 
0\m = DIGITAL VOLTflFTTH, PS = POWER SUPPLY. 
The circuit consists of <-i Hewlett Packard 6212 A pouier suppl 
(PS), a Keithley Instruments 44C digital picoammeter (DAfl) 
and a Hewlett Packard J465 A digital multimeter (DVM). 
One of the four contacts on the sample is earthed, e.g. a 
current contact uia the housing of the anpere meter. It has 
been assured that the input resistance of the voltmeter is 
larger than the sample resistance at least by a factor 100 
for all neasurcnontb to auoid an unwanted voltage drop asso 
ciated diith the load of the measuring equipment. A typical 
value for the measurement current is 1 GO u A, uhich value i 
high enough to obtain reasonable Hall voltages. The electri 
field in the χ direction across the sample associated with 
the measurement current is lou enough to prevent injection 
carriers. 
For tl· e high field measurements the magnetic field is suppl 
by a Bitter magnet of axially cooled Bittercoil type built 
by Oxford Instruments. Its specifications are: homogeneity 
0.1/& in a 1cm DSJ, gauss/ampere ratj.0 7.30, cooling water 
240 m /h at 2П С entrance temperature and a differential 
pressure of 13 bar, max. field strength 14.5 Tesla at 5 МШ 
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(201<Д) and a bore diameter 6cm. The uncertainty in the mag­
netic induction is limited to 0.5%, 
For the Ιοω field measurements up to 0.5 Tesla use is made of 
a Newport 4-inch electromagnet type A in combination uith 
a Neuport UR.15 d.c. supply. For this magnet the uncertainty 
in magnetic induction is limited to 1%. 
During the measurements the sample is located in a cryostat 
(Oxford Instruments BK500), capable of stabilizing sample 
temperatures mithin 1 С in the range 4.2 - 500K. As a coolant 
liquid N„ or liquid He is used, which is introduced from a 
storage uessel uia a siphon into the cryostat. 
UI.2.2 Sample preparation 
As starting material a Czochralski (CZ) and a float zone (FZ) 
ingot are chosen, as described in section \1.2. Using a шіге 
sauj slices of thickness 1.5 mm are cut from the crystals. 
Some slices do not receive a heat treatment and are used to 
characterize the as дгошп (а.д.) state of the crystals. From 
2 
the other slices rectangular pieces of dimensions 3 χ 1cm 
are cut uhich are heat treated at 1300 С for 1 h in an epi­
taxial reactor under H_/1^HC1. Part of these slices is used 
to characterize the crystals after high temperature heat treat­
ment. 
The rest of the 1300 С heat treated material is giwen a sub­
sequent heat treatment at 620 С for 3 h under N_. Before each 
heat treatment the Si material is cleaned using I rid loroelhy-
lene, ethanol, HF and deionized uater, for details concerning 
the heat treatments see section U.I. 
Thus from both CZ and FZ Si crystals three types of material 
are available, uhich uill be referred to as the as дгошп-, 
the 1300OC- and the 1300oC + 62a0C CZ and FZ samples. 
After heat treatment the Si material is cut into square shaped 
2 
samples of dimensions θ χ θ mm , uhich are lapped on a rota­
ting glass plate using a suspension of carborundum powder in 
33 
glycol, and polished on a rotating disc covered ujith a vel­
vet cloth, using a suspension of Aerosil in uater / 1^ KOH 
(T я» ЗО0!:). The final sample thickness amounts to 1D00 -
1200 u.m. 
Ultimately the samples are orovided with electrical contacts. 
The four corners on one side of a sample are roughened by 
scratching the surface with a diamond abrasive. In solder 
doped with As is brought onto these corners uiith a soldering 
iron, afteriiiards the solder material is diffused into the 
silicon by heating for 30 min. at 350 С under N_ in the Hereaus 
furnace described previously. The current-voltage characteris­
tics of the contacts are thereupon checked via a 3-point 
method; an ohmic behaviour is needed for reproducible results. 
Ultimately the sample is given a clover shape configuration 
as outlined in the previous section using a шіге sau (see 
fig. UI.2 and section UI.3). 
FIG. 1/1.2 TYPICAL CLOUER SHAPED 
SAMPLE 
VI.3 Theory of the Hall effect 
When a magnetic field is applied at right angles to the 
direction of current flow an electric field is set up in a 
direction oerpendicular to both the direction of the current 
and of the magnetic field (see fig. 1/1.3). 
If in an extended medium the current density is j (A/cm ), 
ЗА 
z*¿€ 
FIG. Ml.Ζ THE HALL EFFECT: RELATIVE 
DIRECTION OF CURRENT, 
MAGNETIC INDUCTION AND HALL 
FIELD FDR NEGATIUE ELECTRONS 
the magnetic induction В
z
 (üJb/cm ) and the Hall electric field 
E (U/cm), then the Hall coefficient H (cm /C) is defined by 
the equation 
RH J'x Pz (VI.1) 
Ru can be related to the charge carrier concentration as шііі 
π 
be described belou for η type Si (réf. UI.1, p.120). 
The conduction band of silicon has six energy minima along 
three axes at right angles. The effectiue mass components for 
the x, у and z-axes шііі be taken as m1 , m^ , and m-,. Further­
more ue shall assume the relaxation time τ to be isotropic. 
This parameter is a characteristic time associated uiith the 
restoration of the equilibrium distribution of electrons after 
an external force is applied to the crystal. This restoration 
may be achieved by scattering processes in which electrons 
experience the influence of ionized impurities or lattice 
vibrations. Thus a relation exist betueen τ and scattering 
mechanisms (see eq. VI.7). It can be shown that τ equals the 
average time betueen collisions. Νοω the equation of motion 
for electrons under the influence of both an electric field 
and a magnetic field may be written in the form 
(-е/пц )E - ω,,ν 
1 У 
«>y = (-e/m2)Ey + " 2 v x 
(VI.2) 
(VI.3) 
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in uhich О = acceleration in χ direction 
e = unit charge 
E = electric field in χ direction 
χ 
ω-, = eD
z
/m1 
и = welocity in χ direction 
Doth in eqs. (UI.2) and ( І.З) the first term on the right 
hand side reflects the action of the electric field and the 
second one is due to the magnetic field. 
Eqs. (VI.2) and І.З) can be combined (ref. VI.1, p.120) to 
giue an imaginary function. Dy dotornining the appropriate 
solution and subsequently taking the real and imaginary part; 
one arrives at 
- e u = e 
χ 
and 
- e u = e 
У 
< т > E. ω-, Ly < τ > 
m . ( 1 + ω < τ " > ) 
< τ > 
m . , ( l + ω < τ 2 > ) 
ω 2 С х < τ " > 
m 2 ( l + ω < τ >) m ^ l + ω < τ > ) 
( V I . Α ) 
( V I . 5 ) 
in uhich ϋ = electron uelocity aueraged ouer uarious 
ualues of the relaxation time 
<т> = relaxation time of electrons, aueraged 
ouer the electronic energy E 
ω
2
 = J1· 
Eqs. (VI.4) and (VT.5) are used to derive an expression for 
the Hall coefficient R... This is done for tujo limiting cases: 
a) loiL·' magnetic fields 
b) high magnetic fields 
Ad a) Generally a magnetic field uith induction В is consi­
dered to be small if (ref. VI.2, p.175) μΒ « 1, in uhich 
|J = conductivity mobility for electrons (in cm /Vs). 
With μ= e τ /m and ω = еВ/гп (ref. VI. 1 , p.104) this ex­
pression can be reuritten as ωτ « 1. 
Here ω represents the so-called cyclotron frequency associa­
ted uith the movement of a charge carrier describing a circu­
lar orbit in a magnetic field. If the aboue giuen condition is 
fulfilled an electron uill hav/e experienced many collisions 
before one orbit is completed. Thus at lorn magnetic fields 
scattering effects are quite important. This fact is reflected 
in the formula relating the Hall coefficient and the charge 
carrier density, as шііі be shown belou. 
By inserting ωτ«.1 in eqs. (1/1.4) and (UI.S), taking into 
account the equivalent minima along the x, y and z-axes, put­
ting the current density in the y direction (= Σ new ) equal 
to zero and recalling eq. (VI.1) one ultimately arrives for 
the Ιοω magnetic induction limit at 
3K (K+2) 
<
RH\ 
(2K+1)' 
Η (VI.6] 
in which η = concentration of electrons in the conduc­
tion band 
г = Hall factor 
К = m. /m,-, m. =m1=D.91m and m1-=m;,=m-,=G. 1 Эбт 
(ref. VI.3) uith m. =longitudinal mass, 
mT=transversal mass and m=free electron mass 
The bracketed term on the right hand side of eq. (VI.6) is a 
function of band structure alone and is designated band struc­
ture parameter a,,, 3 μ is calculated to amount to G.87 (for 
silicon). 
Theoretically the Hall factor г can be represented by (ref. 
VI.1, p.122) 
<т
2
> / < τ >2. (VI.7) 
The averaging function is given by 
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< T m > .Ρ 
(E) E 3 / 2 exp (-E/kT)dE 
/ 
E 3 / / 2 exp (-E/kT)dE 
( / І . ) 
The ualue of г is determined by the scattering processes, so 
by its nature г is temperature dependent. In section VI. 4 
a more complete description шііі be giuen of the experimenta 
determination of г as a function of temperature, but before­
hand it is easy to calculate the lou-and high temperature 
values of г as follous; 
For many semiconductors including Si at lou magnetic fields 
τ itself is a function of energy E and can be written as 
τ = a E in uhich a and s are constants, s is determined 
by the character of the scattering mechanism. At Ιοω tempe­
ratures ionized impurity scattering is the dominant scatter­
ing process (ref. 1/1.1, p.115), here s = -3/2 and uia eqs. 
(VI.7) and (VI.8) г is calculated to be 1.ЭЗ. 
When the temperature is sufficiently high for lattice scat­
tering to be the dominant scattering mechanism s equals j, 
and as a result г = 1.18. So the limiting values for г are 
1.93 and 1.18 for Ιοω and high temperatures respectively. 
In section VI.4 it шііі be shown that г does not vary linear 
ly with T, but possesses a minimum dependent on the impurity 
content. 
Ad b) Generally a magnetic field is considered to be high 
if μ В )> 1 (réf. VI.2, p.175), which expression can be re-
written as ω τ >> 1. This condition is equivalent to the 
statement that during the time needed to describe a circular 
orbit a charge carrier will experience few collisions. Thus 
at high magnetic fields scattering effects are relatively 
unimportant and do not appear in the equation relating the 
Hall coefficient and the charge carrier density. 
For the high magnetic induction limit it can be shown (ref. 
VI.1, p.122) that RH becomes equivalent to -1/ne, or 
3Θ 
(R ) = -I/ne 
В —»ou 
(UI.9) 
By taking the ratio of (Ru) and (Ru) erne arrives at 
M
 B-» o h B^>oo 
H
 В ^ о
 H
 B-
aH.r 
(ui.ία) 
The Hall coefficient R
u
 as described above is defined in 
π 
terms of a specimen of infinite dimensions. In reality, hou-
ev/er, the specimen size is limited. Consequently current- and 
voltage contacts may interact in that the current contacts 
short out the Hall field. This effect has been studied by 
Isenberg et al (réf. UI.4). 
No such effects occur uhen current- and voltage contacts 
are sufficiently separated. This can be achieved by adopting 
a "clover shaped" sample geometry, as mentioned by van rler 
Раиш (réf. UI.5). 
In practice a value for the Hall coefficient Ρμ can be obtain­
ed from a Hall measurement as follows: in fig. UI.2 a typical 
sample configuration (clover shaped) is shoun, the oricnla-
tion of magnetic field, currenc and Hall field is given in fig. 
According to en. UI.1 R,, = 
π 
UI.3. 
ζ
 J
x 
on the other hand E = и/(а V2), with U H = Hall voltage 
betueen В and D, and j = 1 /(d.a V2), tuith I = measure­
ment current and a, d sample dimensions. 
So ue arrive at 
RH = UH.d/(B.I) (UI.11) 
with U H in Uolts, a and d in cm, I in amperes and В in 
UJb/cm2. 
The e x p e r i m e n t a l v o l t a g e measured across two d i a g o n a l l y 
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opposite contacts on a sample in a magnetic field consists 
of the Hall uoltage and a so-called asymmetric uoltage because 
the contacts are not exactly opposite to each other and the 
sample is not perfectly homogeneous in properties. Because 
the asymmetric uoltage is independent of the direction of the 
magnetic field the Hall uoltage \1. can be obtained by deter­
mining the average of the absolute values of tuo voltages 
measured ujith opposite directions of magnetic field. This 
procedure can be repeated using the same voltage contacts and 
the reversed current polarity, resulting in a second Hall 
voltage. Τωο more Hall voltages can be obtained by repeating 
the given procedure using the two other voltage contacts. 
Ultimately the average of the four Hall voltages is taken, 
this value is used for the calculation of R . Taking into 
account the uncertainties introduced via parameters like 
sample thickness, magnetic induction, lall voltage and 
current the uncertainty in R, is estimated to amount to 2 
to h%. 
So finally me can combine eqs. (UI.6) and (UI.11) or (1/1.9) 
and (UI.II) and arrive at the follouing exoressions for the 
carrier concen"cration in terns of measurable parameters: 
r.aH.B.l/ e.( «„) .d] 
U-» о J 
π = B.I/ e.(VH)r .d 
As a conclusion it can be said that from the foregoing theo­
retical analysis it is clear that only in the limiting case 
for В >oo a direct relation exists of η in measurable pa­
rameters. The value for Пц for В — ) о or finite magnetic 
field strengths can only be used for the evaluation of η 
uhen the factor a .r is knoun at all temperaturas. 
Η 
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UI.4 Determination of Hall factor г 
In order to obtain an idea about the value of the Hall factor 
г and of its temperature dependence it uas decided to deter­
mine R as a function of magnetic induction В and tempera-
h 
ture Τ for uarious samples. A typical three-dimensional 
graph obtained for an a.g. F7 sample is presented in fig. 
VI.4. 
R M(CM
3/C) 
T(K) 
FIG. VI.4 ThRFC DIMEMSIONAL GRAPI OF TH. ALL CGEFFICILNT 
RH AS A FUMCTIQV OF flAGiMETIC INDUCTION Π AMD 
TCflPERATURE Τ FOR AN AS GRO'LIN FLOAT ¿04ZU SAMPLE, 
This graph is a composition from tiüo-dimensional R иь Ü 
curues (with Τ as a parameter) shoum in fig. VI.5 uihere the 
results of all high field Hall measurements haue been collec­
ted. 
From these measurements it is пош possible to determine the 
Hall factor r. From the aboue given analysis it follóos that 
by taking the ratio of Іош- and hinhinduction limits of R
u 
a ualue for the product a,.r is obtained. In conformity with 
literature not г but the product а...г is calculated аь a 
hi 
function of temperature. The result of these calculations 
is collected in fig. VI.6 giving the values for all samples 
for uhich R,, was determined as a function of magnetic induc-
П 
tion and temperature. Uncertainties in а...г in the order of 
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y 
—ι г-
Au FZ 
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-
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B I T ) 
295 К 
250 К 
210 К 
170 К 
НО К 
110 К 
90 К 
70 К 
В(Т) 
BIT) 
FIG. VI.5 HALL COEFFICIENT RH Д5 A FUNCTIGN OF MAGNETIC 
INDUCTION В ШІТН TEMPERATURE Τ AS PARAMETER 
FOR VARIOUS SAMPLES. 
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FIG. υΐ.6 PRODUCT OF THE HALL FACTOR г AMD THF BAND 
STRUCTURE PARAMETER a CALCULATED FOR 
В » о FOR UARIOUS SAMPLES. 
4-6% are introduced due to the extrapolation of R., values. 
The general bshauiour of the product a .r is a trend to sta— 
bilize at high temperatures someuhere at a ualue of 1.2. At 
louer temperatures a
u
.r first decreases to a minimum ualue 
π 
of about 0.9 at 100K, and then rises again ujhen the tempe­
rature is loujered to He temperature. The decrease from the 
value 1.2 to Ü.9 is rather unexpected, certainly in іеш of 
the end value at He-temperatures ujhich theoretically should 
approach the value for ionized impurity scattering uhere 
г = 1.93 and thus aH.r is as large as 1.68 (see also section 
UI.3). 
The minimum which is observed between the two values must be 
due to the combined effect of impurity - and phonon scattering 
on the kinetical behaviour of the charge carriers. A thorough 
literature study of this effect revealed a recent publication 
of Blood and Orton (ref. иі.б) who do not explain the mini­
mum. 
A3 
Theory would predict that at high temperature г = 1.18, uihere-
as from the experimental data giuen in this section a ualue 
for г as high as 1.4 can be calculated using a
u
 = 0.Θ7 (see 
also section VI.3), This demonstrates that either theory can 
still be improued or that besides phonon scattering other 
scattering mechanisms are operative also. 
VI.5 Measurements on heat treated samples 
Knouing ποω all the relevant parameters uhich can be impor­
tant in the analysis of the Hall measurements, the problem 
of the effect of heat treatments on the electrical proper­
ties of 5i can be studied in detail. 
In a series of experiments the Czochralski pulled Si and 
floated zone 5i samples are giuen heat treatments at 1300 С 
or 1300oC and 62C0C and additionally also at 350oC. From all 
samples Hall measurements are obtained which are analysed 
in terms of charge carrier density us. temperature following 
mainly the procedure of extrapolation to В > oo . All mea­
surements are dona in manifold (5 to θ duplicates) in order 
to enhance the accuracy and to avoid large errors due to 
artifacts. 
Typical results are collected in fig. VI.7. Uncertainties 
in the order of 1-4/2 are introduced due to the extrapolation 
of В
и
 to β —» oo 
Η 
From the η vs Τ curves presented in fig. VI.7 the position 
of the fermi energy leuel E,- (in dark equilibrium) can be 
calculated using the mathematics for non-degenerate semicon­
ductors : 
the carrier density in the conduction band can be represented 
by 
η = N exp (Ep-ErO/kT , in which 
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(СМ \ 
FIG. VI.7 CHARGE CARRIER DEMSITY η AS A FUNCTION QF 
TEMPERATURE Τ FOR VARIOUS SAMPLES. 
ή', 
2(2 Ttm*kT)Z/2 density of states in the conduc­
tion band 
N (2Э5К) = 2.8 χ 1Q 1 9cm~ 3 (rcf. VI.7) 
So for an arbitrary temperature Τ 
Ν (Τ) = 2.θ χ IO 1 9. 
с 
Τ 
¿9Î 
3/2 -3 
' cm 
and 
n(T) = 2.θ χ Ю 1 9 . 
Τ 
295 
3/2 
exp F с 
kT 
-3 
For all samples (E
r
-EF) vs Τ curves are obtained using the 
above given equation and the Hall data on n. All curves are 
identical uithin the experimental error; as a typical result 
the curve obtained for an a.g. CZ sample is presented in 
fig. VI.B. 
С 
0.20 
Er-Ef(eV) 
0.U) 
) 100 
. AG.CZ 
200 H K J 
^ ^ ^ ^ ^ ^ ^ ^ 
FIG. VI.8 POSITIDM OF THL FCRMI LCVCL A3 A FUNCTION OF 
TFCIPERATURE Τ AS CALCULATED FROM HALL MEASU­
REMENTS FOR AN AS GROWN CZOCHRALSKI SAMPLE. 
The calculation of the position of the fermi level is necessa­
ry for the evaluation of the results in the next section. 
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VI.6 Coraputersimulations 
From the Hall measurements as described in the preceeding 
section the Τ dependence of the charge carrier concentration 
is obtained. Variations in the charge carrier concentration 
as f(T) are entirely due to ionization effects: the occuoan-
cy of centers (donors and acceptors) hawing an energy level 
in the bandgap of silicon is dependent on T. The filling of 
centers ujith charge carriers can be described by Fermi Dirac 
statistics. This giues a means to computer simulate an experi­
mentally determined charge carrier concentration us Τ curue. 
As a result information on the concentrations and energy levels 
of these centers is obtained. This шііі be uorked out in 
more detail. 
Schematically the energy level diagram for a semiconductor 
containing tuo donors and tuo acceptors is shown in fig. VI.9. 
CONDUCTION BAND 
E
r 
'
EC-ED1 
'
EC" ED2 
-
EC-EA1 
-
EC-EA2 
VALENCE BAND -
E c- E v 
FIG. VI.9 ENERGY LEVEL DIAGRAM DF A SEMICONDUCTOR 
CONTAINING TUO DONORS AND ACCEPTORS. 
Usually Ep is taken arbitrarily as zero, as a result all 
energy levels associated uiith donors and acceptors correspond 
to negative values. Starting with the Fermi Dirac distribu­
tion function 
47 
f(E) 
1+exp / E llF 
\ kT 
the occupancy of a donor - or acceptor leuel uiith degeneracy 
g in terms of elpctrons is giuen by 
Чд) = 
1+1 expf Ε ·ΡΠ" ί ΐ ίΓ ιΛ i [ »kt ' j 
(VI.12) 
in which E D,A energy difference betueen donor - or 
acceptor energy leuel and E
r >
 Fp ^ = energy difference 
betueen fermi energy leuel for electrons and E
r
; g = 2 
for donors and g = 4 for acceptors, réf. UI.B, p.34. 
For an π type semiconductor uith several single donors and 
acceptors uiith concentrations Np. and N„ respectiuely, the 
distribution of electrons over conduction band and impurity 
levels folloius from the condition for electroneutrality uhich 
for π type material, ujith ρ (f. η, can be written as 
Σ MD = η + Σ 
i 
f
n ^Ду 
NA. + Σ 
J
 i 
f
n (ED.)^D. 
(UI.13) 
In order to illustrate hou eq. UI.13 can be used for compu­
ter simulation purposes the case of a semiconductor contain­
ing one single donor and one single acceptor (l\l
n
 > IM.) uill 
be considered. For this case eq. VI.13 is simplified to 
ND=n+fn(CA> V fn( ED) ND » or rewritten 
1
-
 с
о) ND-VEA)NA· 
4 
Using the expression for f (E
n n
 ) as given in eq. 1/1.12 ше 
obtain 
π=Ρ, 
1+-2 exp 
( ^ ) 
1 
1+1_ ехр/ЕЛ EF,N 
4
 \ кТ 
(UI.14) 
The fermi energy for а поп degenerate semiconductor simply 
follouis from 
n=!\l
r
 exp) F.N \. or exp/ F,M ] = n_ 
kT / \ kT / FC 
F(n) = n"+(jZlA+0D+IVA)n +(0f l0 D + l V 0 : r M D 0 D ) n - - k D 0 r A = G 
( V I . 1 5 ) 
rd This equation of the 3 degree in π can be computer solved 
by adopting an iterative procedure using the Nsuton-Rhapson 
equation 
nk
+
i = nk - k 
F(nk) 
Values for T, N
n f C n and IV are inserted in eq. VI.14. 4 
fixed value of leV belou €- is taken for E., which is allo-
ujed for this η type material. Via the Neuton Rhapson equation 
η is solved using a HP 97 programmable calculator. Carrying 
out this procedure results in a π us Τ curve belonging to 
the chosen set of parameters. This calculated curve is com­
pared to the experimental curve. The set N
n
, E
n
 and N. which 
4Ü 
reproduces uithin the experimental accuracy the experimental 
ly determined π us Τ curve is used to evaluate the Hall data 
More intricate equations, but still comparable to eq. VI.15 
can be derived for more complicated systems containing sever 
donors and/or acceptors. 
Several analyses made it clear that a simple rule of thumb 
exists iijhich states that the temperature in К associated uith 
a change in carrier concentration is equal to the level ener 
gy expressed in meU. 
Results 
Computer simulations of all experimentally determined η vs Τ 
curves as given in the preceeding section uere carried out. 
Each experimental curve could be reproduced uithin experi­
mental uncertainty by a set of impurity data. Because the 
graphs are exact duplicates of the experimental curves as gi 
ven in fig. 1/1.7 the computer curves are not bhou.n here. Qnl 
the set of parameters as deduced by the computer analysis 
is collected in table VI.1. The table reveals donors and ac­
ceptors, including their concentration and energy level luith 
respect to F
r
. 
VI.7 Conclusions Hall measurements 
Starting uith a slightly compensated phosphorous donor at 
0.045 eV several impurities are introduced at the 1300oC 
heat treatment. The most remarkable conclusion is that the 
ultimate effect of all heat treatments is a compensation of 
the donor activity. The more heat treatments the more deep 
acceptor levels are introduced into the silicon matrix. 
A second conclusion is that the impurity content of CZ and 
FZ crystals after heat treatments shows discrepancies. The 
fact that CZ material is knoun to posses higher concentra— 
50 
TABLE l / I . I RESULTS OF COPOPLiTER SIMULATION EXPERICIEMTS 
CZOCHRALSKI 
A . g . CZ ( r e f e r e n c e s t a t e ) 
D o n o r , θ x l O ^ c m " · 3 , 0 . 0 4 5 el/ 
D o n o r , 0 . 5 x 1 0 1 3 c m ~ 3 , 0 . 0 7 e\l 
A c e . , 1 x 1 0 1 3 c n i ~ 3 , 1 el/ 
1 3 0 0 o D CZ 
D o n o r , 8 х І О ^ с п Г 3 , 0 . 0 4 5 el/ 
D o n o r , 1 . 2 x 1 0 1 3 c m ~ 3 , 0 . 0 7 e\l 
D o n o r , 0 . 5 x 1 0 1 3 c m ~ 3 , 0 . 1 3 5 el/ 
D o n o r , О. х 1 0 1 3 с г г Г 3 , 0 . 2 0 eU 
A c e . , 3 x 1 0 1 3 c m ~ 3 , 1 el/ 
1300 D C + B20oC CZ 
D o n o r , 8 x 1 0 1 3 c m " 3 , 0 . 0 4 5 el/ 
D o n o r , О . Э х Ю ^ с г т Г 3 , 0 . 0 7 el/ 
A c e . , 3 . 2 x 1 0 1 3 c m ~ 3 , 1 el/ 
FLOATED ZONE 
A . g . FZ ( r e f e r e n c e s t a t e ) 
D o n o r , 8 x 1 D 1 3 c m ~ 3 , 0 . 0 4 5 el/ 
D o n o r , 1 . 2 x 1 0 1 3 c m ~ 3 , 0 . 0 7 el/ 
A c e . , 2 . 2 x 1 0 1 3 c m _ 3 , 1 el/ 
1300 O C FZ 
D o n o r , 8 х 1 0 1 3 с г т Г 3 , 0 . 0 4 5 el/ 
D o n o r , Q , 1 5 x 1 0 1 3 c m ~ 3 , 0 . 1 5 el/ 
D o n o r , 0 . 4 х 1 0 1 3 с п Г 3 , 0 . 2 2 5 el/ 
A c e . , 3 . 2 x 1 0 1 3 c m ~ 3 , 1 el/ 
1 3 0 0 o C + 620 o C FZ 
D o n o r , 8 х 1 0 1 3 с г г - 3 , 0 . 0 4 5 eU 
D o n o r , І . г х Ю ^ с г т Г 3 , 0 . 1 5 el/ 
D o n o r , 0 . 7 x 1 0 1 3 c m _ 3 , 0 . 2 2 5 el/ 
А с е . , 5 . 5 х 1 0 1 3 с г т Г 3 , 1 eU 
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tions of oxygen and carbon than FZ material may give a possi-
ble clue to the obsc rved effect. 
This is studied in more detail in the following chapters. 
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CHAPTER U U RCSISTIUITY AND NOBILITY MEASUREMENTS 
UII.1 Introduction 
In order to determine whether the heat treatments had any 
effect on the sample resistiuity, but especially on the char­
ge carrier mobility, uan der Раиш measurements are perfor­
med on all samples. From the кпошп Hall coefficients (see 
chapter VI) and the values of the resistiuities it is then 
possible to calculate mobilities. 
The specific resistiuity ρ ( Ω cm) of a semiconductor can 
be determined according to the procedure giwen by uan der Раиш 
(réf. VII.l). This procedure holds for a flat sample of ar-
bitrary shape, provided the contacts are sufficiently small 
and are located at the circumference of the sample uhich 
may not possess isolated holes. The basics of the method can 
be described as follows: 
Suppose the sample has a shape as depicted in fig. UII.1 
D L 
FIG. UII.1 SAMPLE GF ARBITRARY SHAPE WITH 
FOUR SfALL CONTACTS AT ARBITRARY 
PLACES ALONG THE CIRCUMFERENCC. 
Let RgR r n be the potential difference Un-Up between the 
contacts D and С per unit current through the contacts A and 
B. The current enters the sample through contact A and leaves 
it through contact B. Similarly R R r n¡. is defined. 
According to the deduction given by van der Pauu 
n d 
1п2 
R A B . C D + R B C . O A ) . f AB,CD 
R BC
>
DA/ 
in uihich d = sample thickness 
f = function of R 
of unity uihich can be determined either 
graphically or mathematically. 
AB,CD a n d RBC,DA o f t h e o r d e r 
In principle tuo voltage measurements are sufficient for de­
termining a value of ρ . In practice, houeuer, for R.R „ 
one takes the average of the absolLite values of R„R p n and 
RR. r n . Principally 4 values for ρ can be calculated, as an 
ultimate value for ρ the average of these ρ values is taken. 
The uncertainty of the experimentally determined ρ values is 
estimated to amount to Ъ%. 
Uli,2 Experimental 
Sample preparation and the electrical circuit (see fig. Uli.2) 
adopted for the van der Раиш measurements are the same as des­
cribed in section UI.2.2, except for the selection of current-
and voltage contacts. 
1 
PS 
1 
•DAM 
~i 
• 
<-
-DVM 
•SAMPLE 
FIG. Uli.2 MEASUREMENT OF SPECIFIC RESISTIUITY: BLOCK 
DIAGRAM OF THE ELECTRICAL CIRCUIT. DAM = 
DIGITAL AMPERE METER, DUM = DIGITAL UOLTMETER, 
PS = POWER SUPPLY. 
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Cleasurements are carried out in the temperature range 50 -
3D0K using a cryostat (Oxford Instruments), see section 
VI.2.1. As a typical measurement current a ualue of 100 μ Ά 
is chosen. 
VII.3 Results 
A typical resistivity vs temperature plot for an a.g. CZ sample 
is representative for all samples js shown in fig. UII.3. 
FIG. UII.3 RESISTIVITY AS A FUNCTION OF TEMPERATURE AS 
DETERMINED FOR AM A.G. CZ SAMPLE. 
Variations in the ρ us Τ curves between the different samples 
are only observed in the absolute value of the resistivity 
uhich of course reflects the total number of active carriers. 
The general featurcsof the ρ vs Τ curve can be explained as 
follows : 
ρ is a function of the electron concentration in the con­
duction band η and the drift mobility μ , according to (ref. 
VII.2, p.3) p= l/(ne Up). Both π and μ are temperature 
dependent (see sections VI. 5 and VII.4), consequently the mini­
mum of the ρ vs Τ curves is determined by the combined ef­
fect of η and μ . 
5Ь 
From fig UI.7 it is evident that going from Іош Τ to appro­
ximately 1Û0K η increases continuously for every sample and 
even further for heat treated samples. The minimum in the 
ρ vs Τ curves at Τ я» flGK must then be explained by a de­
crease in drift mobility, uhich dominates at high temperatu­
res. So as a conclusion it can be said that from *<< flGK to-
ujards higher temperatures ohonon scattering is the dominant 
scattering mechanism, оЬьсиг Lncj the effects of impurity donor 
activity in the heat treated samples. 
VII.4 Hall mobility and drift mobility 
In the introduction of this chapter it was said that the mobi­
lity of the charge carriers could be calculated fron the Чтсііп 
values of R and ρ . Чоше ег one has to be careful because 
both measurements differ in character, uhareas ρ is coupled 
to charge transport in an "lectric field the determination of 
R,. involves a static measurement in a magnetic field and the 
π 
mobilities are different in both cases. The following section 
шііі clarify the difference. 
The Hall mobility μ (cm2/Us) is defined (ref. Uli.2, p.à) 
as μ|ΐ=Κ
Η
/Ρ f which expression holds for all values of mag­
netic induction. In addition the drift mobility μ
η
 (cm / Js) 
is defined by μ
η
=1/(πρρ ). 
At Ιοω magnetic induction, recalling eq. 1/1.6, ue deduce 
< "H* 
(RH) 
=
 а
н -
г 
p.n .e 
On the other hand for the high magnetic induction limit, re­
calling eq. VI.9 ue obtain 
(
 •v.) <R H) в—>» = μΓ (VII.1) 
5Ь 
г-3/2 
Consequently at Іоы magnetic induction μ and U„ differ 
by a factor 3
Η
·Γ, шЬегеаз at high induction μ μ = μ . 
At Ιοω temperatures the drift mobility μ
η
 is determined main­
ly by ionized impurity scattering, at higher temperatures lat­
tice scattering dominates. For the associated ionized impurity 
and lattice mobilities μ
τ
 and μ. in semiconductors uith 
spherical constant energy surfaces it can be deduced (ref. 
VII.3, p.115) that μ
Ι
 «с Τ
3/ 2 and μ
ι
 oc Τ - 3 / 2 . For sili­
con, in constrast, it is found that the relation μ. ос Τ" 
does not apply euen at high T. The reasons for this are mainly 
due to the fact that its validity depends on the assumption of 
spherical constant energy surfaces. The conduction band of Si 
has six minima along three axes at right angles. 
Experimentally, for Si the temperature variation of μ is 
-4/? R/? found to range from μ oc Τ ' to Τ ' (see réf. VII. 4, о.79), 
Similar results are obtained from our own exoeriments. 
Via eq. VII.1 log μ0 vs log Τ curves can be obtained for all 
samples, for a CZ sample heat treated at 13DD0C the result 
is presented in fig. VII.4. 
LOG 
US 
VO 
for 
3.5 
30 
SLOPE я -2 
1300°С CZ 
FIG. VII.4 LDG-LOG PLOT OF 
DRIFT MOBILITY AS 
A FUNCTION OF TCM-
PERATURE ΟΒΓΑΙΝΓΟ 
FOR A 130DoC CZ 
SAMPLE 
15 2 0
 LOGT " 
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This сиг э is rpprefentativ/e for all samples, frorr the slope 
-2 it follows that μ. oc Τ . Furthermore from the negative 
slope it can be deduced thbit down to » V'ÍK lattic3 scatte-
ring dominates, which fact reflects the rather high purity of 
the Srimple. 
Λε a conclusion it can be said that at temperatures aooue 7!5K 
the character of neither the resistiuity nor the mobility show 
any sienificant influence nf the impurities introduced durinj 
heat treatment. So apart From the resistivity change dus to the 
inciffijsion o r deep acceptors, no ^xtra ini"uirna tion cculd be 
obtained from tí-rse nieasijrrn'ents. 
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CHAPTER VIII CAPACITANCE VOLTAGE MEASUREMENTS 
VIII.1 Introduction 
As discussed in section V.3 the C-V measurements reueal addi­
tional information on the impurity leuels ujhich are present 
in silicon. This method has the potentiality to reveal the deep 
lev/els and also may discriminate whether a leuel шііі act as a 
trap or as a donor or acceptor, and thus may give valuable in­
formation in addition to uhat is already obtained via Hall 
measurements, where the observation of levels is restricted to 
that region of the band gap uhich is "passed" by the fermi level, 
As шііі be discussed in the follouing sections both static -
and dynamic C-V measurements are carried out, yielding informa­
tion concerning the net charge density in the depletion region 
of a semiconductor and trap filling and/or emptying processes, 
respectively. 
VIII.2 Static C-V measurements 
The net charge density N(x) as a function of deoth near the sur­
face of a semiconductor can be derived from an analysis of the 
capacitance-voltage (C-V) relationship of a reverse biased 
Schottky barrier, uhich consists of a metal-semiconductor con­
tact acting as a diode. The energy band diagram of a o/n junction 
(uhich also acts as a diode) has been given by Shockley (ref. 
VTII.1) for various biasing conditions; similar diagrams can be 
given for a Schottky diode. This is done in fig. VIII.1, in 
uhich V. . represents the diffusion potential, and a denotes the 
space charge layer uidth. Included in fig. VIII.1 are quasi 
fermi levels for electrons and holes 0 and 0 , respectively. 
0 represents the distance betueen the quasi fermi level for 
electrons and the conduction band minimum E
r
. The introduction 
of quasi fermi levels is necessary uhenever the thermal equili-
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brium Situation is disturbed by external sources such as light 
or an electric field, both of uhich can be described by the 
introduction of quasi fermi levels. In the follou/ing the po­
sition of β uiill be discussed qualitatiuely. 
Г ^ 
qVbi 
-'if'-
- - E F 
® 
high Τ 
FIG. UIII.1 ErOTRGY BAND ОІЙСЯЛГП OF Д METAL-SEMICONDUCTOR 
COIVTACT (A) UNDER ZERO BIAS AND (B,C) REUERSE 
BIAS CONDITION. ТНГ QUASI FERMI LEVELS FOR 
ELECTRONS AND HOLES (0N A\'D 0p) ARE INDICATED 
FOR THE REl/ERSE BIAS CONDITION ONLY. EF=FERMI 
LEVEL, CT=TRAP LEVEL, Vbi=BUILT-IN VOLTAGE, 
a=DEPLETIO^ LAYER WIDTH. 
In thermal equilibrium the concentration of electrons in the 
conduction band η is given by (sectionlX.2) η -N^ exp (Ep ^/kT) 
in шНісЬ l\|p = density of states in the conduction 
GO 
band and E_ .pfermi energy level for electrons, which is lo­
cated at a distance E.- .. from the minimum of the conduction 
band. 
After suitchinq the diode to a reverse bias U the negative 
^ rev ^ 
field on the metal electrode almost instantaneously sueeps the 
conduction electrons back from the interface towards the inte­
rior of the semiconductor. As a result the depletion layer uhich 
is already present at U =oU is extended to a distance a from 
' rev 
the interface (see fig. 1/111.1 ). Assume the remaining concen­
tration of conduction band electrons in the depletion layer 
amounts to n1 , then n1=l\lr exp (0n/kT) . Because π > n1 and 
Ep .. and 0.. correspond to negative values » 10 | > ІЕр ..L 
Similar considerations are valid for 0 compared with L
r D. 
So in this шау the position of the quasi fermi levels as given 
in the figures can bo explained. It can be envisaged that the 
quasi fermi level for electrons can cover a considerable larger 
energy range as compared with the Hall measurement. 
Wore quantitatively a relation between the net space charge den­
sity (which is associated with the occupancy of levels in the 
depletion region) and the observed capacitance can be deduced 
as follows: 
Consider a reverse biased Schottky diode (see fig. VIII.1 ). 
The capacitance С of the depletion layer (width a) is given by 
C= ε A/a, in which ε = dielectric constant and A=diode area. 
The properties of the depletion region arc determined by the 
Poisson equation 
ь
2
м M(x) (VIII.1) 
δχ 
which relates the potential У and the net charge density N(x). 
By integrating eq. UIII.1 twice (using the огоррэг boundary 
conditions) and in combination with the expression C= dQ 
"сПГ (in which dQ =incremental increase in charge per unit area 
upon an incremental change of the applied voltage dl/) one 
Ы 
u l t i m a t e l y a r r i v e s a t 
M(x) 
ceA 
d(VC¿) 
d\l 
1 - 1 
Thus by measuring С as a function of the reuerse bias vol­
tage \l the net charge density l\](x) uhich is present at a dis­
tance χ from the interface can be obtained from the slope of 
1/C us \J, uhich is calculated at the reverse bias voltage 
corresponding to a depletion layer uidth x. 
In case the semiconductor under study contains both shallou 
donors N
n
 and acceptors N., uith M
n
 > IM., N(x) is simply given 
by Νη-Ν.. If in addition to the shallou levels the sample con­
tains centers associated with deep energy levels, e.g. centers 
uhich may act as electron- or hole traps these will also mani­
fest themselves in the measured capacitance. 
b с Such a trap level is indicated in fig. UIII.I ' as E · because 
the position of the level uith respect to the conduction - and 
valence band is not affected by the electric field uhich is 
present in the depletion region, the trap uill be emptied to a 
certain extent, depending on the energy level position of the 
trap uith respect to Ep. 
A fundamental limitation to this technique is the maximum vol­
tage uhich may be applied before breakdoun occurs. High elec­
tric fields uill be present uhen the space charge layer uidth 
a is very small (due to a high dopant concentration). Avalanche 
breakdoun uill occur uhen a becomes to small at a given V. 
In Si breakdoun uill take place above concentrations of 
6.10 cm-' for voltages up to 25V. So for this study no break­
doun effects uill be expected to take place because on basis 
of the Hall measurements both dopant- and impurity concentra­
la -3 
tions do not exceed concentrations of 10 cm . 
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UHI.2.1 Experimental 
Of all crystals uhich are available tuo types are selected in 
uihich the effects of heat treatments are кпошп to be representa­
tive, viz. an as grou/n CZ and a 1300oC CZ sample. 
Sample preparation and heat treatment are identical as descri­
bed in section WI.2.2. No clover shape configuration is adopted. 
C-U measurements at room temperature are carried out using the 
electrical circuit shown in fig. UHI.2. 
CAPACITANCE 
METER 
FIG. UHI.2 CAPACITAMCF-UDLrnGL MF ASURCMENTS : BLOCK DIA­
GRAM OF THE ELECTRICAL CIRCUIT. 
Reverse bias voltages ranging from 1-25V are supplied by a 
Delta Elektronika Рошег Supply E 030-1. As a capacitance meter 
a MSI Electronics Inc. Junction Profiler Model Э4 is used 
which operates with a 1 MHz sine wave. The diode at the sample 
surface is formed by a Hg contact of well кпошп dimensions 
(Schottky diode) viz. 0 0.1cm. 
The opposite side of the sample is provided with an ohmic con­
tact by diffusing In/As dope solder into the sample by heat 
treatment for ¿h at 350oC under N . 
In order to reveal more information about the character of the 
levels involved in the process C-U measurements are also carried 
out as a function of temperature, using the same experimental 
set up as described previously, except for the Hg diode. One 
side of the sample is provided with an In/As dope contact, the 
other side is lapped, polished and cleaned, and provided with 
an Au contact (0 2mm, thickness 150 8), uhich is evaporated onto 
the sample surface (Schottky contact). Use is made of a cryo-
stat (Oxford Instruments, BK 500 see section VI.2.1). Carrec-
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tions are carried out for contributions to the measured capa­
citance other than the capacitance of the depletion layer. 
UHI.2.2 Results 
Room temperature measurements (llg contact) 
1/C2 us \l plots obtained for an a.g. CZ and a 1300 С CZ sample 
are presented in fig. UI1I.3. 
Г
2
.«) 2 
(pF"2) 
л 1300oC cz , 
j f л A.G. 
•¿¿^ 
CZ 
-
10 
'REV (V) 
15 
F I G . ν/111.3 i / c ¿ us RFVCRSE: O Í A S U O L T A G E P L O T S O B T A I N E D AT 
ROOM TLMPCRATURL TOR AN A.G. CZ AND A 1300GC 
CZ SAMPLL (tig CONTACT). 
A nice linear behaviour is observed. From the slopes ualues for 
13 —3 
the net charge density amounting to (8+1). 10 cm and 
(6+1). 1013cm-3 for a.g. CZ and 1300oC CZ material are calculated, 
using e=1.G4x10~ F/cm. The decrease of net space charge af-
13 — 3 ter heat treatment amounting to 2x10 cm reflects the observed 
increase of acceptor activity, as seen from Hall measurements. 
Ü4 
Measurements as a function of temperature (Au contact) 
Capacitance-uoltage measurements as a function of temperature 
are carried out in order to obtain information about the tem­
perature dependence of the net space charge density. Such mea­
surements to the author's knowledge haue not been reported in 
literature yet and thus represent а пеш source of experimental 
i nformation. 
Д typical result for C-V measurements as a function of tempe­
rature for an a.g. CZ sample is shown in fig. VIII.A. 
FIG. UHI.Л 1/C US RLULR5L BIAS UDLTAGL PLOT WITH TEMPE­
RATURE AS PARAMETER FDR AN A.G. C7 SAMPLE 
(Au CONTACT). 
A series of lines is obtained with temperature as parameter. 
Room temperature values for the net positive charg2 density 
determined according to both techniques turn out to differ 
by a factor 1.2 (a.g. CZ) and 1.3 (130DÜC CZ) (hg-contact 
values are smaller than Au contact values). Due to uncertain-
ties in the diode area of the flu contact the net charge densi-
ty obtained luith the Hg contact is assumed to represent the 
Ga 
correct ualue. The normalisation factors presented aboue are 
taken into account in order to correct for uncertainties arising 
from the surface area of the Au contact. 
From the slope of the lines (fig. UHI.4) the net charge densi­
ty for an a.g. CZ sample is calculated with Τ as parameter, the 
result is shown in fig. UHI.5; in this figure also the result 
obtained for a 1300oC CZ sample is presented. 
[ +net 110 
( CM-3) 
100 200 300 
Τ (К) 
FIG. UHI.5 THE NET POSITIUE CHARGE DENSITY A5 A FUNCTION 
OF TEMPERATURE FDR AN A.G. CZ SAMPLE AND A 
1300oC CZ SAMPLE. 
The dielectric constant used for the calculation of the charge 
density has been taken independent of temperature, because the 
C-U technique in our experiment in essence measures the capa­
citance of a depletion region which consists of material in 
which no (strongly Τ dspendsnt) atomic polarizability (ref. UHI.2) 
6Б 
is to be expected. 
Most remarkable is the change in charge concentration from 
1 3 - 3 1 3 - 3 1 3 - 3 
8x1G cm and 6x10 cm at room temperature to 2x10 cm 
at Ιοω temperatures. The general phenomenon of the decrease 
in net space charge density uith decreasing temperature can be 
explained qualitatively as folloujs: 
uihen temperature is lowered the fermi energy level moues touards 
the conduction band (in π type material, see fig. VI.O). 
b с 
In fig. УІІІ.І and VIII.1 a reverse biased Sol.ottky diode 
at lou and high temperature, respectively, is shown. If the 
sample under study contains a deep electron trap of energy level 
E T uhich is Filled at Ιοω Τ this trap uill be emptied in the de­
pletion region up to that point inhere the quasi fermi level 
for electrons crosses the trap level and thus assume a posi­
tive charge state. Consequently at Іош temperatures the net 
positive charge density is less as compared to high temperature 
uhere the trap is empty throughout the depletion region. 
The fact that the net positive charge changes considerably 
(factor 4) on going from room temperature to 50K can only be 
explained by an electron trap uith an energy level Ьеіош the 
phosphorous donor level. Wore precisely, based on the shape of 
the curves of fig. UHI.5, it is speculated that the trap has 
an energy level in the upper half of the bandgap, e.g. 
0.15eU < E
r
-E T < 0.35eU, the trap density is assumed to 
amo'jn!. to approximately 5.10 cii . 
VIII.3 Dynamic C-V measurements 
Besides the static C-V measurements as a function of temperature 
as described in the proceeding section, пеш information can be 
obtained by C-V measurements as a function of time (VSCAP mea­
surements, voltage stimulated capacitance measurements). Via 
this technique emptying and/or filling of traps can be studied. 
A description of this technique is given in ref. VIII,3. Only 
a slight modification of the normal C-V equipments is neces­
sary. Likewise as for C-V measurements use is made of a Schottky 
fi 7 
diode on the surface of the semiconductor under study. The diode 
is switched alternately to a reverse bias \1 and zero bias, 
reu 
Consequently for both situations the energy band bending in the 
surface layer can be represented by the diagrams giuen in fig. 
VIII.I. Using these diagrams the principle of the method can 
be illustrated as folloujs: 
Consider a hole trap with an energy leuel Γ- above E,- under 
zero bias (fig. VIII.1 ). Under reverse bias the hole trap in 
the depletion layer шііі be empty due to the position of the 
trap level relative to the quasi fermi level for holes 0 . 
QJhen \l is suitched back to U=o the depletion uidth decrea-
re ν 
ses and (on a pico second time scale) mobile charge carriers 
move back. The hole trap шііі again be filled, this filling 
process is associated uiith a time constant in the order of micro 
seconds. As this filling of hole traps results in an increase 
of net positive space charge in the depletion region, the fil­
ling process is reflected in the time dependence of the space 
charge layer uidth and also in the associated capacitance. Thus 
by monitoring the time depencencu of the space charge layer 
capacitance the hole crap filling process can be studied. 
The limitations of this technique are the folloiuing: 
1) Because a Schottky barrier is involved in USCAP measurements 
only shallou layers to a thickness of the maximum depletion 
width can be studied. 
2) The technique is limited to traps which are at least partly 
filled under zero bias (the filling of traps depends on the 
position of the energy level of the trap with respect to the 
fermi energy level, ujhich is temperature dependent. Consequent­
ly from the effective density of traps as a function of Τ in­
formation can be obtained concerning the energy level position 
of a trap). 
3) The change in capacitance over the depletion region due to 
the filling/emptying of traps (Δ C) of course must be clearly 
distinguishable from the normal capacitance С associated udth 
the space charge layer. It can be said that variations in С 
are measurable above 10% change in C. 
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A relation can be deduced Ьеішееп the wariation in space charge 
layer rapacitanre due to hole trap lilling, and the number of 
hole traps uhich arc filled, as follows: 
The space charge layer uidth χ is related to the net charge 
density N as χ ск 1/ \¡WtTef. UTII.4, p.BÜ; for the space 
charge layer capacitance С ше haue С oc 1/х. 
Thus : \ÍÑ. oc ?IV 
tit: 
Ν
τ
 = 2 J ^ Ν 
(Vili.2) 
where Ν = trap density and N = n-Jt space charge as obtained in 
section UHI.2. 
Dn basis of the above giuen relation and the third considera­
tion on the limitation of the VbCAf technique, the Іошег limit 
of Nj will be appruxiTiately 10% of the riet space charge. 
UHI.3.1 Experimental 
A similar sample preparation as described in section UHI.2.1 
(Au contacts) is adopted for l/SCAP measurements. Tt e electrical 
circuit uhich is used is shoiun in fig. UHI.6. 
PULSE 
GENERATOR 
SINE WAVE 
GENERATOR 
SAMPLE-» Z Z 
-> 
y STORAGE 
K
 SCOPE 
FIG. VIII.Б U5CAP MEASURCMENTS: BLGCK DIAGRAM 0Г THE 
ELECTRICAL CIRCUIT. 
5G 
The pulse generator (UJauetek function generator Model 142 
HF UCG) produces a block-form woltage varying between 0 and 
5 Uolt, frequency 1-1Q Hz, as a result of which the diode 
(sample) is alternately zero biased and reuerse biased. Over 
this uoltage a sine ша е of amplitude 0.1V and frequency IMHz 
is superimposed (Lyons Instruments Sine/Square Oscillator). 
The capacitance of this diode can be shown to be proportional 
to the amplitude \JR ouer the resistor R (330 Ω ), if the impe 
dence of this resistor is much lower than the impedence (ω С 
of the capacitor C, uiz. 
-1 
^ = ^ ω\1Γ 
\1R = R i R = R t j C U c 
С = \lR/b>R\lc = ( V V 
2 π xlO хЗЗО 
so С 
'R· 
All voltages and currents refer to the high frequency sine wave. 
Up is displayed on the screen of a storage scope (Philips ΡΓΊ 
3234). 
VSCAP measurements are carried out in a cryostat (Oxford Instru­
ments BK500, see section VI.2.1) in the temperature range 
50-300K. 
UHI.3.2 Results 
A typical result as obtained for U
n
 as a function of time is 
presented schematically in fig. VIII.7, including the associated 
static voltage across the diode. 
Only at Τ < 250K time dependent phenomena could be observed. 
All samples which have been measured show the same general be-
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haviour . 
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zero 
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FIG. UHI.7 SCHLCIATICAL REP-TESENTATIGtV СГ STORAGE SCOPE 
DISPLAY: VR AS A FUMCTIOTJ OF TI(*1F. C-j IS 
CORRELATED ЫІТН THE FILLI^G OF HOLE TRAPS, 
FOR DETAILS SEE TLXT. 
The folloiiiing observations can be made: 
Let in reverse bias state the depletion region be associated 
ujith a capacitance C- . 
At t = о the diode is zero biased, consequently instantaneously 
the depletion region relaxes back towards the interface and the 
capacitance changes to a value C_. 
At longer times the capacitance is seen to increase by C,. 
These observations may be explained as folloiiis: 
In the reverse bias situation the capacitance of the space 
charge layer is determined by the net space charge present in 
the depletion region. At t = о the capacitance is determined by 
the same net space charge ποω present in the small depletion 
region. 
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The net space charge is given by: 
И - И * [ empty electron trap ] - [' empty hole trap 
The increase of С ujith tine can be explained by a decrease of 
the depletion layer width caused by an increase of the net 
space charge due to the filling of the hole traps. From fig. 
UHI.7 only the hole trap "illing after zero biasing can be 
obserued, the emptying process is aoparently too fast. 
The trap density uas calculated according to eq. Ulli.2 from the 
relative enchancement of the observed voltages knouing the net 
charge density in the reverse bias situation. The calculated 
results obtained at different temperatures are collected in 
Table VIII.1. 
TABLE VIII.1 EFFLCTIUE HOLE TRAP DEIYSITILS UIA V3CAP 
MFASURCMENTS 
As g r o u n C¿ 
т ( к ) 
210 
170 
140 
110 
go 
70 
50 
' . - ( c m ' " 5 ) 
4 , Ь х Ю 1 J 
2 , 1 x 1 0 1 3 
1 , 3 x 1 0 1 3 
2 , 0 x 1 0 1 3 
1 , 4 x 1 0 1 3 
1 3 1 , 4 x 1 0 ' ° 
l ^ x l O 1 3 
As g r o u n ΓΖ 
T ( K ) 
170 
14Ü 
110 
90 
70 
М
т
( с п Г 3 ) 
¡ Χ Ι Ο 1 3 
Β χ Ι Ο
1 3 
4χ1θ'1 3 
3 X 1 0 1 3 
4 х 1 0 1 ; 3 
Uncertainties in the Ν-- values for the a.g. CZ sample are es­
timated to amount to 25%, Because of the large uncertainties 
in the estimation of С and Δ С values for the a.g. FZ sample 
the trap densities for this sample presented in table VIII.1 
must be considered to indicate an order of magnitude only. 
No precise values for the heat treated samples are given be-
72 
cause unfortunately no recordings are made of these measurements. 
Houeuer it uas observed that the same general behaviour is pre­
sent on the same time scale. So only the absolute values of the 
concentration of trap levels of those heat treated samples may 
differ from their reference samples. What can be deduced froqi 
the temperature dependence of the trap density is the conclu­
sion that the trap level is located in the upper half of the 
forbidden bandgap of Si. Because even at the loujest tempera­
tures (Τ=50Κ) hole trap filling is observed it can be conclu­
ded that the trap level is located above L,- at this Ιοω tempe­
rature, consequently Е
г
-Г
т
 «> 0.04 eV. 
U H I . 4 Conclusions 
The main conclusions from the C-U measurements are the follouing: 
1. Static C-U measurements at room temperature reveal a net 
1 3 — 3 1 3 — 3 
(positive) charge density of 8x10 cm and Oxlu cm for an 
a.g. CZ sample and a 1300 С CZ sample, respectively, nicely com­
paring uith the concentration of phosphorous and boron as dedu­
ced for these samóles via Hall measurements and computer simu-
lation experiments (see Table UI.1). 
2. Static C-U measurements as a function of temperature reveal 
the presence of an electron trap located aporoxinately at 
O.ISeU < Er-ET < ü.35eU (uith E^minimum of the conduction band) 1 3 - 3 
at a concentration «s 5.10 cm . This trap is observed in 
both а.сь and 1303 С heat treated CZ samples. 
3.Dynamic C-U measurements on the contrary reveal the presence 
13 - 7 
of a hole trap at a concentration »> 2.10 cm " at a energy level 
as O.OAeU belou the minimum of the conduction band. This hole 
trap has been observed in both a.g. and heat treated FZ and CZ 
samples. 
7 3 
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CHAPTER IX PHGTOCONDUCTIVE DECAY MEASUREMENTS 
IX.1 Introduction 
Electrically active centers present in semiconducting materi­
al may be studied via photoconductiue decay measurements. In 
this measurement technique the relaxation of a crystal to the 
dark equilibrium situation after extinction of a light source 
is folloujed by monitoring the decay of the sample conductivity. 
As ω ϋ ΐ be discussed in section IX.2 from the characteristics 
of the decay information is obtained concerning 
1. centers uhich capture two charge carriers of opposite sign 
uhich subsequently recombine, these centers are кг.ошп as re­
combination centers 
2. centers uhich change their occupancy in terns of electrons 
or holes during the relaxation process via the emission of 
the charge carriers captured during illumination to the associ­
ated band. Because these centers are manifest from transient 
measurements they are denoted by traps, in contrast to centers 
found via steady state (e.g. Hall) measurements. These latter 
centers are denoted by donors and acceptors. 
As шііі be explained in section IX.2 uith this method in π type 
Si only hole traps can be detected. The Іошег detectable (effec­
tive) concentration is given by the concentration of holes trap­
ped during illumination, uhich has to be at least ']% of the dark 
equilibrium majority carrier concentration. UJhen several traps 
are present the associated characteristic time constants for 
emptying must be sufficiently different in order to make the 
contributions of the various traps to the decay signal clearly 
distinguishable. 
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IX.2 Principle of photoconductive decay measurements 
Д pure silicon crystal at a temperature close to absolute 
zero шііі haue the ualence band completely filled uith elec­
trons ujhile the conduction band contains no Free electrons; 
no electrical conduction is possible in this case, u/hen suffi­
cient (thermal) energy is supplied to the crystal electrons can 
be excited from the ualence band to the conduction band. Conse­
quently holes are created in the ualence band. The combination 
of electrons in the conduction band and holes in the ualence 
band enables the crystal to be electrically conductive. 
When defects are introduced into the crystal, e.g. impurities, 
vacancies, interstitial atoms or dislocations energy levels are 
introduced in the forbidden zone. Consider the case that a cen­
ter corresponding to such a level is empty or can accommodate 
a charge carrier, e.g. it is present in either one of tuo charge 
states. By definition a center which is neutral ші-еп filled uith 
an electron anc positive uhen empty is called a donor. 
E.g. group V elements when occupying substitutional sites in the 
Si lattice shou donor characteristics. Group III elements loca­
ted on substitutional sites in Si are called acceptors: uhen 
filled uith an electron these centers are negatively charged, 
uhen empty these centers are neutral. 
For the calculation of the number of charge carriers uhich 
occupy the available levels the Fermi Dirac distribution func­
tion f(r) must be employed, 
f(L-) 
1+exp | ' - i :F 
(IX.1) 
kT 
in which E
r fermi energy level 
f(E) gives the probability that a level of energy E is occupied. 
Consider a Si crystal containing a center which is active as 
a donor, located at a distance E from the conduction band, 
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whereas the fermi energy lev;el for electrons is positioned at a 
distance E
c
 .. from the conduction band, see fig. IX.1. 
I- , \l 
CONDUCTION BAND FIG. IX.1 CNERGY BAMD DIAGRAM OF A SEMICON-
Γ J E Q DUCTOR, INDICATED ARE THE POSITIONS 
lEFN . . . OF A DONDR LEUEL AND THE FERMI ENER­
GY LEVEL OF FLECTRONS. 
VALENCE BAND 
Usually Ep is taken as zero, it follous that the energies of 
levels in the bandgap correspond to negative values. 
Taking into account a degeneracy factor g = 2 (réf. IX.1) the 
occupancy of the donor in terms of electrons is given by 
f (E) = 1 
π
4
 ' 
1+¿exp/ E3~EF.N 
kT 
whereas the concentration of conduction band electrons η for 
о 
а поп degenerate semiconductor can be written as 
n
o
 = ^ > N
c
 е х р Л ^ Л 
1+exp ( ЬС~ СР.М\ \ k T 
in uhich Np = density of states in the conduction band. 
The above given simplification of the formula for f (E) 
is alloiijed because the exponential term * 1 for all tem­
peratures. 
Eq. IX.1 can also be used to calculate the occupancy of a level 
in terms of holes. To this end the fermi energy level for holes 
is introduced. In this case for p-type material all energy le-
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uels are giuen u/ith respect to the valence band, E is taken 
equal to zero and the energies of leuels in the bandgap corres­
pond to negative values. 
It follows that the concentration of holes in the valence band 
ρ is given by 
p0 = _ X 
1+exp ( EU~ EF.P 
^ l\l
u
 exp/ 'T.Ρ 
kT 
It can be deduced (ref. IX.2, p.109) that in dark equilibrium 
E,- ..+ E,-
 n
 =
 En· in which Ε_ = bandgap of silicon. 
In dark equilibrium spontaneous creation of electron/hole pairs 
uill occur. Consequently the carrier concentration in the bands 
locally exceeds the dark equilibrium value. The excess carrier 
concentration in the bands can be eliminated either by direct 
recombination or by capture of a charge carrier by a (deep) 
level. 
Direct recombination has a Ιοω probability because via this 
mechanism dissipation of momentum is difficult. 
Dumke (ref. IX.3) calculates lifetimes of 1.7x10 s for intrin­
sic Si. For Si in which the total free carrier density is in-
15 -3 
creased to 10 cm , houever, the lifetime is already decreased 
to 3.47 s because of the increase in concentration of one of 
the species. 
When, alternatively, a charge carrier is captured by a deep 
level, tuo things can happen. If the carrier has an appreciable 
lifetime in the captured state it may be ejected thermally to 
the band from which it came, in this case we regard the center 
as a trap. If, however, before the thermal ejection a charge 
carrier of opposite sign is trapped, recombination will take 
place and the level is acting as a recombination center. Typical 
lifetimes associated with this so-called indirect recombination 
_ fi 
process have an order of magnitude of ID - s. Which role a center 
plays depends, besides the position of its level with respect 
to the fermi level, on the relative densities of the charge 
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carriers and on the relative cross-sections for the capture of 
both electrons and holes. Because both the carrier density and 
the capture cross section are temperature dependent, one center 
may act as a trap or as a recombination site, depending on the 
experimental conditions. 
Under steady state illumination uith light of h ν > E
n
 electron/ 
hole pairs are created. The net result (after equilibrium is ob­
tained) of illumination is an increase of π to π + Δ η . ubile 
o o ' 
ρ increases to ρ + Δρ. 
Because the distribution of electrons and holes ηοω has changed 
as compared ujith the dark equilibrium situation, the position 
of the fermi levels for electrons and holes is different from 
their respective dark equilibrium value E_, consequently quasi 
fermi levels 0.. and 0p are introduced. 
Consider a π type Si crystal. In this case Δ η шііі be much 
smaller than η and the concentration of electrons in the con-
o 
duction band шііі hardly change, so 0.. » E,- ... Because houever 
the concentration of minority carriers ρ is small, Δ ρ can 
easily match this concentration and thus 0 uill deviate from 
E- p. As shouin in fig. IX.2 the dark equilibrium fermi level 
E- splits up into two so-called quasi fermi levels for electrons 
and holes,respectively. 
T F — 
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CONOUCTION BAND 
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-» «-ILLUMINATION -
FIG. IX.2 ENERGY BAND DIAGRAM OF A SEMICONDUCTOR IN DARK 
AND UNDER ILLUMINATION. 
It can be seen that because of the large change of the fermi 
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lev/el for holes due to illumination filling of levels uith ho­
les can take place (all lev/els above 0 are filled with holes) 
This process is knoun as "hole trapping". 
After extinction of the light source both quasi fermi levels 
0.. and 0p relax back toiuards the dark equilibrium fermi level 
E,-. The follouing processes шііі take place: 
excess charge carriers шііі recombine at recombination sites 
according to the above described mechanism, in addition trappe 
holes uill be thermally excited to the valence band and uill 
recombine, too. 
As шііі be shoun belou both processes are associated uith an 
exponentially varying excess majority carrier density, which 
can be studied by monitoring the sample conductivity. 
Consider a π type Si sample containing one recombination cen­
ter and one (hole)trap. 
For short times after extinction of a light source indirect re 
combination of excess carriers via recombination centers uill 
be the dominant loss mechanism for excess electrons and holes. 
Because of the small concentration of holes as compared to the 
electron concentration the capture of holes by recombination 
centers uiill be the rate determining step (unless the capture 
cross section of electrons is much smaller than the capture cr 
section for holes) 
d Δρ 
dt 
С. Δρ 
in uhich Δ ρ = excess minority carrier concentration 
and С = a constant 
consequently 
Δρ = Δ Ρ
Ο
. e 
-Ct (IX.2) 
in uhich Δρ is the excess minority carrier concentra­
tion immediately after extinction of the light source, and 
θ С 
t = time after extinction of the light source. 
From eq. IX.2 it can be seen that the decay of the excess hole 
via indirect recombination occurs uia an exponential lau. 
Recombination takes place after capture of a hole (associated 
time constant С = 1 / τ = recombination rate) by the recombi­
nation center, already containing an electron and immediately 
an excess majority carrier is captured by the now empty center 
Consequently the time constant associated with the capture of 
excess holes is approximately equal to the time constant asso­
ciated uith the decrease of the excess majority carrier densi­
ty. This exponential decay of excess charge carriers is reflec 
ted in an exponential decrease in sample conductivity. 
Besides recombination centers just discussed also trap centers 
can be present, for which the cross section for the capture 
of a charge carrier of opposite sign is very small. 
For longer times after extinction of the light source Hornbeck 
and Haynes (ref. IX.4) deduce that the time dependence of the 
concentration of excess holes in the trap Δ p 1, can be uritte 
as 
Δ p1 oc exp (-t/ т^ ) 
in which τ 
τ + τ +
 т
г
 Tg 
г g ' 
ubere 1/т = rate of recombination of excess holes in 
г 
the valence band 
1 / τ = rate of generation of holes from the trap 
1 / τ . = rate of trapping of holes uhen all traps arc 
empty. 
Because the released holes recombine with electrons the expo­
nential time depence of this release process is reflected in 
an exponentially varying sample conductivity. 
In view of 
Tg· 
τ the characteristic time constant 
8 1 
associated uith this variation can be approximated by 
From the foregoing discussion it шііі be clear that for the 
η type material uhich is being studied in this thesis only 
recombination or trapping of holes can be studied by the pho-
toconductiue decay method. 
IX.3 Experimental 
A. Sample areparation. 
Samples are prepared in а ыау identical as described in sec­
tion UI.2.2. No clouer leaf configuration is adopted. 
B. Light source. 
In general, restrictions are placed on the light source used 
for the study of decay signals. Primarily, for the creation of 
electron/hole pairs light uith an energy larger than the band-
gap of silicon is required. But there are restrictions to the 
energy. Ultrauiolet light is strongly absorbed by Si thus crea 
ting a high density of electron/hole pairs in the surface laye 
of the sample under study. These carriers may recombine at the 
surface, obscuring in this uay the recombination process of 
interest in the bulk. In order to prevent this effect a thin 
Si filter (thickness «i 50 цт) is placed in the light beam in 
front of the sample, uhich absorbs most of the high energy lig 
Furthermore the time constant of the light source (and the ele 
trical circuit) must be faster than the time constant(s) of de 
cay processes in the sample in order to make the study of the 
pure decay processes possible. 
For the study of recombination processes (time constants in th 
order of με) a pulsed Xe light source шаз chosen, producing 
exponentially decaying light pulses uith a time constant of 
1 μ s, frequency 10-450HZ. 
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Decay processes uiith time constants varying from ms-s are stu­
died using an Osram XBO high pressure Xe discharge lamp in com­
bination with a light chopper (Fairlight frequency programmable 
light chopper). For the longer time constants the light chopper 
is replaced by a photographic shutter. 
C. Detection. 
As indicated in section IX.2 recombination- and release of trap­
ped holes processes are associated uith exponential decay of the 
sample conductivity σ , which in turn is proportional to the 
change in voltage V across the sample uihen the current i through 
the sample is kept constant. This can be shoun as follows. 
For small disturbances of the dark equilibrium situation: 
I d\l I = i.dR = i 1- d ρ 
s —
 г
D 
1 1 
С at 
d σ (IX.3) 
in u/hich R 
s 
1,0 
Ρ 
sample resista-ice 
sample dimensions 
resistivity 
σ j = conductivity in dark equilibriurr 
so any change in conductivity is directly reflected in the vol­
tage across the sample. 
Depending on the time constant different measurement techniques 
are chosen. 
Processes uith time constants ranging from μ s-s are studied 
using lock-in techniques. The current through the sample is 
kept constant by using the following circuit (see fig. IX.3). 
ft resistance R of at least 20 times the sample resistance R
r
, 
is placed in series with the sample. In this way small varia­
tions in R- will not effect the current through the sample 
(which typically amounts to 4mA). 
-1 2 
The condensator of 10 F is inserted in the electrical cir­
cuit to eliminate the continuous background voltage across the 
sample, thus transmitting the dV signal of interest only. Care 
8j 
must be taken to ensure that 1 he response time of the circuit 
is short enough so that the signals are not perturbed. 
<8> 
XE PLISE LIGHT SOURCE 
-SI FILTER 
- SAMPLE 
BOXCAR 
AVERAGER 
FIG. IX.3 SCHEMATIC DI ДСПДМ DF Л PIIOTOCDNDUCΓΙ JE DECAY 
LXPFRIPILNTflL SLTIJP 
The small dU signals агя passeri to a boxcar averager (PAR Mo­
del 162 Ooxcar Integrator) equipped uith a preamplifier and 
a logarithmic output. 
For the study of decay processes ujith time constants in the 
order of seconds and longer use is made of a Uheatstone bridge 
uhich contains the sample as one of the resistances, as shown 
in fig. IX.4. 
Г
 R1 1 R2 η 
/ 
_l D L_ 1 D 1 
Г'Ь! І " Л 
H 1 1 
FIG. IX.4 WHEATSTONE BRIDGE; R
s
 REPRESENTS THE SAMPLE 
RF5I5TAMCE. 
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In dark equilibrium R, is chosen such that the voltage across 
the bridge V. , as measured by a chart recorder, is zero. 
Due to illumination of the sample the bridge is unbalanced. 
It can be shown that the following simple relation is valid: 
V br Δ Fi 
in which Δ R is the departure of the sample resistance from 
the dark equilibrium value due to illumination. In view of eq. 
(IX.3) it can be seer that \l. is proportional to variations 
of the sample conductivity. 
IX.4 Results of photoconductive decay experiments 
A typical decay curve for an as grown (a.g.) CZ Si sample ob­
tained with the equipment working in the micro second range is 
presented in fig. IX.5. 
logV 
t (/is to ms) 
FIG. IX. 5 T Y P I C A L DECAY CURVL" IN μ 5-П5 RANGE OBTAINED 
FDR AN A.G. CZ SAMPLE. 
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It is evident from fig. IX.5 that two decay mechanisms are ac­
tive; the follouiing observations have led to the conclusion 
that the fastest decay is associated uith recombination uhereas 
the second process is related to the release of trapped holes 
folloued by recombination: 
1. When the light intensity decreases the relative contribu­
tion of the slouly decreasing signal increases (first traps 
are filled; the remaining excess carriers can participate in 
recombination). 
2. Under the influence of background illumination the contri­
bution of the slouly decreasing part of the signal decreases 
(traps remain filled). 
3. The time constant of the slouly decreasing part of the sig­
nal increases ujith decreasing temperature, uihereas the time con­
stant related to the fast decay signal remains constant. This 
behaviour is typical for traps and recombination centers, res­
pectively. 
Ue шііі first pay attention to the recombination centers, in 
the next paragraph the trap centers uill be treated. 
IX.4.1 Recombination centers 
From the slope of the fastest decaying signal (see fig. IX.5) 
a value for τ , the so-called recombination lifetime, may 
ree" ' ' 
be obtained. A typical curve shouing τ as a function of tem­
perature as determined for an as groun (a.g.) CZ crystal is pre­
sented in fig. IX.G. 
It can be observed that τ increases by a factor 2 upon an 
ree 
increase of temperature. This may be explained by the fact that 
at higher temperatures the distance from the fermi level to the 
conduction band increases (in dark equilibrium, see section 
VI.5), and consequently the density of recombination centers 
(in terms of centers filled with an electron) decreases. 
Due to uncertainties in the determination of the slope τ 
r
 ree 
values can be calculated uith an uncertainty of 15%. B6 
WO 500 
TIKI 
FIG. IX.6 RECOMBINATION LIFETIME AS A FUNCTION OF Τ OBTAI­
NED FOR AN A.G. CZ SAMPLE. 
For the interpretion of such a curve use is made of the work 
of Nomura and Blakeinore (refs. IX.5 and IX.6). In their study 
of transient recombination they present a general treatment of 
recombination phenomena uithout restrictions for the concentra­
tion of recombination centers N and for the concentration of 
г 
excess charge carriers. It is shoun that if N is small and C F 
and E (energy level of the recombination center) are both lo­
cated in the same half of the bandgap the steady state treat­
ment of recombination by Shockley and Read (ref. IX.7) is appli­
cable. 
This leads to the Тоііошіпд variation of τ ujith the posi-
rec 
tion of the fermi level, see fig. IX.7. 
From fig. IX.7 it is evident that for values of E- close to the 
conduction band τ tends to a constant value. liJhen E
r
 is 
close to the conduction band the concentration of electrons 
in the conduction band is much larger than the concentration 
of holes in the valence band, consequently the rate determining 
step in the recombination process is given by the capture of 
a hole, thus the associated time constant can be represented 
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by 
гее 
(ϋ, S , Ν ì-1 
ν
 h pt г' 
in which ϋ h 
mh 
5pt 
= moan thermal uelocity of a hole = 
зкТ/т* 
= effective mass of a hole 
= capture cross section for a hole, 
-15 2 
»s IG cm for an effective center 
(ref. IX.a) 
= density of recombination centers 
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FIG. TX.7 RECOMÍHMATION LITCTIML AS A FUNCTIÛN OF 
FFRWI FMERGY LCUEL POSITION (REF. IX.7) 
The results shoum in fig. IX.6 may be compared with the curue 
presented in fig. IX.7 in that increasing of temperature cor-
responds to a shift of Ep to larger distances from the conduc-
tion band (in η type material). It follows that by measuring 
τ , calculating v, and assuming a value for S . an approx-
rcc* π pu 
a a 
irtate value for N can be obtained. 
The determination of the (bulk) recombination lifetimes may 
be complicated due to s 
According to ref. IX.9 
surface recombination (time constant τ ). 
τ
 s
 = 1(УУ!\ 
2s \ a b d / 
-1 
и
2
 D
r 
-1 1 1 1 
+ + 
2 τ 2 
a¿ Ь^ ü¿ 
-1 
in which the first term on the right hand side reflects the 
contribution of surface processes tc 
term is due to diffusion processes. 
o τ , and the second 
s = surface recombination rate 
a, b and d: samóle dimensions in cm (a=b=0.8cm) 
Dp = diff. coefficient for holes Ä 13cm /s 
(lilolf, ref. IX.Id) for Si uith dope concentration 
Ä 1 0 cm 
After putting a and b equal to 0.8cm, and because af b > d, 
it follows that 
1 
2s 
2. 5+ 
-1 
+ 7.8x10~3d2 
Because surface-and bulk recombination are competetive proces-
ses (ref. IX.11) 
1 1 1 
measured bulk + 7.0x10 Jd 2 
2s(2.5+1 ) 
d 
(IX.4) 
τ hulk ^ s c o n stant, consequently by measuring τ 
measured for 
various sample thicknesses d a value for s can be obtained. 
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For a polished, as grouin FZ sample s is determined to be 
7 0 + 7 cm/s. 
From eq. IX.4 it follouis that for τ
 h ·,. values up to 100 μβ 
τ values do not change by more than the already stated '\5% 
uncertainty limits, ujhen the effect of surface recombination 
is taken into account. 
Results recombination study 
Table IX.1 presents a survey of the results obtained for seve­
ral samples. 
TABLE IX.1 RECOCIBINATION DATA 
Sample 
CZ 
cz 
CZ 
FZ 
FZ 
Heat treatment 
1h 1200oC 
1h 1200oC+3h 620oC 
Ih 1200DC+10min 1300oC 
Іош г 
T
r e c
(Ms) 
50 
50 
4,0 
40 
3 
max τ „ 
(Hs) r e c 
100 
60 
B.5 
80 
6.5 
N
r
 (cm - 3) 
IO 1 2 
IO 1 2 
IO 1 3 
ю
1 2 
IO 1 3 
As outlined previously the values for the recombination cen­
ter density M can be considered as rough estimates only, main­
ly because of the uncertainty in the capture cross section. 
It can be observed from table IX.1 that as a general trend the 
recombination center density increases due to heat treatment. 
IX.4.2 Trapping centers 
In all CZ samples, irrespective of heat treatment history, 
two hole traps are found, uihich are associated uith time con-
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stants uhich amount to ms (trap 1) and ID s (trap 2) at room 
temperature. No such traps are observed in FZ samples irres­
pective of their heat treatment. 
Trap 1 manifest itself in the slouily decaying part of the pho­
toconductivity signal obtained in the recombination study, see 
fig. IX.5. 
A typical recorder trace obtained by recording the bridge vol­
tage of a 'dJheatstone bridge (see section IX.3) as a function 
of time is shown in fig. IX.B. 
Vbr 
t ( seconds) 
FIG. IX.θ TYPICAL REPRL5L4TATIÜN Ol· limLATSTOI\,E BRIDGE 
UGLTAGE AS A FUNCTION DF TIML. FDR DETAILS SFE 
TEXT. 
This curve is related to the contribution of trap 2 to the de-
cay signal. 
The trace from A to В is obtained ujith the sample in dark and 
in equilibrium. At B, the sample is 'lluminated, as a conse­
quence the bridge voltage changes rapidly to а пеш value CD. 
At D, the light is extinguished and \l. drops to L as 
recombination of holes in the valence band takes place and traps 
1 empty. From E to F, traps 2 empty and \l. decays exponentially 
to smaller values. 
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In the follouiing a description mill be giuen of the uay in uhich 
characteristics of the traps can bs deduced from decay curves. 
Whereas for recombination centers only an approximate value 
for their density can be given, the form of the decay curve due 
to trapping centers allows one to evaluate not only the densi­
ty of trapping centers N
 t but also their energy level C T and 
capture cross sections for electrons and holes, 3 and S , res-
* η ρ' 
pectively. 
Every hole captured in a hole trap corresponds to an electron 
in the conduction band. Therefore the concentration of hols 
traps Ν,- can be obtained by determining the change of conduc­
tivity of the sample under study (corresponding to a change in 
voltage across the sample when the current is kept constant) 
which is related to the release of trapped carriers. In vieu 
of eq. IX.3 and do = e μ dn (see section Uli.4) in uhich dn 
equals the effective hole traps it can be deduced that 
2 
Мл 
σ . . d . ΔΙ/ . 
О m, t 
И
е
.е.і. 
in uihich Ν- = concentration of traps uhich are effective, 
e.g. traps uhich capture a hole due to illu­
mination 
о = sample conductivity in dark (see section UII.3) 
in ( Ω cm)" 1; ( ρ = 1/σ ) 
d = sample thickness in cm. 
ΔΙ/ . = change in voltage across the sample due to 
m, t 3 
trapping action in V 
μ = electron mobility (see section UII.4) in 
e
 2/., 
cm /Us 
i = current through sample (in A) 
Depending on the trap uhich is studied Δ υ . can be deduced 
by judging the part of the photosignal related to release of 
trapped holes (trap 1 ) , or by translating the measured ΔΙ/ , 
m, Ьг 
(trap 2, see fig. IX.B) into a value for A U ,. Care must be 
9 2 
taken that thesu measurements are carried out Liith light inten­
sities high enough in order to be sure that all traps which 
can be filled at a certain temperature are indeed filled. This 
is the case uhen Δν . is no function of light intensity. 
m, t 
Ν-- values can be determined uith an uncertainty of up to 50%. 
The energy level of traps E- uith respect to the valence band 
can be determined from the temperature dependence of τ which 
is given by the follouing equation deduced by Herring (ref. IX.12) 
= 16 π ml (kT)V 3o/g1 S p exp [(С
и
-Е
т
)/к/| 
in idhich g and g1 represent degeneracy factors. According to 
Herring no appreciable errors uill be made by setting 
"ι(ç./9i)-1· The capture cross section S of the trap for holes 
is temperature dependent according to S =S exp f ' 
y
 ρ ρ \ • 
Ρ 
m 
ι 1<Т ' 
activation energy for the capture of a hole 
| т L in which Δ I 
by the trap. 
Ualues for (ET-E.,+ ÙF r ) can be found by dctorminiig the 4
 Τ U 3»R 
slope of the curve In (Τ . τ ) vs 1/kT. 
Thus it is necessary to determine т., as a function of tempe­
rature. A value for !„ can be obtained from the follouing con­
sideration. The temperature dependence of the total time constant 
τ associated uith the decay of sample conductivity as obtai­
ned for trap 1 in an as дгошп CZ sample is shown in fig. IX.9. 
The curve can be considered to be typical for all CZ samples. 
Tuo parallel loss mechanisms for the excess majority carrier 
concentration are active: 
a) At Іош temperatures a mechenism with a time constant which 
is nearly temperature independent and which is associated uith 
recombination in the trap, viz. the capture of an electron in 
a trap which already contains a hole. The associated time con­
stant is given by 
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ret,trap 
η S ,_ υ 
ο nf Τ e 
in шИісЬ η = concentration of electrons in the conduction 
о 
band 
capture cross section of a trap filled with 
n,T 
a hole for an electron 
Ü = mean thermal uelocity for electrons 
e 
зкТ/п 
m = effective mass of an electron 
e 
This equation can be used to obtain a ualue for S 
η, Τ 
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FIG. IX.9 TIME CQNSTAMT (IM μ S) ASSOCIATED UIITH RECOMBI­
NATION AND EMPTYING OF TRAP 1 AS A FUNCTION OF 
TEMPERATURE (A.G. CZ SAMPLE) 
b) At high temperatures thermal excitation of a trapped hole 
to the valence band followed by recombination takes place. The 
time constant associated uiith the thermal release of a trapped 
hole to the valence band is called rg » the recombination 
process has been treated in paragraph IX.4.1. 
So for all cases the measured time constant is a mixture of 
both τ and τ : 
ree g 
9Д 
measured Tg тгес гее,trap 
in which τ = timo constant associated uith thermal 
9 
release of a trapped hole to the valence 
band 
τ = time constant associated with recombination 
ree 
after excitation to the valence band 
Because the latter processes are in series the sum of the 
time constants has to be used in the fornula for T
 n e a s u r e c
|· 
Using the experimental values for T
m e a 5 u r e [ j (fi9· IX^)t 
T
ree
 ( f i 9
·
 І Х
*
Б ) a n d Tree trap ^ f Ì 9· I X · 9 ^ a S a f u n c t i o n D f 
temperature, values for τ itself can be calculated from the 
^ 
above given equation. The values for τ uihich are obtained in 
this шау are used again in fig. IX.10 where a plot is given 
of In ( T T 2 ) vs 1/кТ. 
LNIihT2) 
VkT (eV1! 
FIG. IX.10 Ln (Τ . τ ) US 1/kT FOR AN AS GROWN CZ SAMPLE 
( τ IN μ5), FOR DETAILS SEE TEXT. 
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From this plot a ualue for Ε
τ
-Ε,,+ ΔΕ can be obtained. The 
l u Oj ρ 
u n c e r t a i n t y of t h i s procedure v a r i e s from 0.07 e\l ( t r a p 1) t o 
0.25 eU ( t r a p 2 ) . 
Values for Δ Eц can be obtained according to a procedure given 
Dj ρ 
by Haynes and Hornbeck (ref. IX.13): uhen after a dark period 
the light is suitched on again the initial increase in signal 
(uhich is associated uiith sample conductivity) is a measure for 
the capture of holes. 
The light used to study hole trap filling must be very шеак be­
cause no excess holes must be created uith respect to the num­
ber of traps in order to avoid saturation. Values for ΔΕς 
Df Ρ 
for trap 1 could not be deternined according to this procsdure 
due to Ιοω trap density and very fast trap filling; for trap 2 
the method uorks satisfactorily. 
In general it appears from literature study (ref. IX.8, p.296) 
that the values for ΔΕς are smaller than 0.04eV. So iiihen-
3 f ρ 
ever ΔΓ 0 cannot be determined experimentally as for trap 1 0# Ρ 
the uncertainty in E-r-Ew uill not be higher than O.lüeV. 
For trapping centers uith an energy level not too far from the 
dark eguilibrium fermi level Ep the position of the trap energy 
level lüith respect to the conduction band can be calculated, 
again via a procedure given by Haynes and Hornbeck (ref. IX.13). 
As a result a value for E_-ET is obtained. In this method it is 
in principle assumed that a hole trap in essence is a center 
filled uith an electron, the occupancy of the center uith elec-
trons depends on the position of the fermi level. So whenever 
the fermi level passes this center a change in the effective 
hole trap density can be observed. It appeared that this proce-
dure unfortunately also could be applied to trap 2 only. 
Results C¿ Sarplos 
As mentioned in the beginning of this section all CZ samples 
contain tuo traps (figs. IX.5 and IX.B) characterized by time 
constants for the release of trapped holes (at room temperature) 
in the order of ms (trap 1) and in the order of 10 s (trap 2). 
Four CZ samples have been examined viz. 2 as groun samples, 
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14 
one 12G0 С heat Iroated - and one 120G С + Б20 С sample. For reasons 
luhich шііі be given later also the appropriate indiffusion tem­
peratures necessary to make good ohmio contacts are given. The 
results are presented in Table IX.2. 
Inspection of table IX.2 reveals that in іеш of the large un­
certainties involved in the method all samples possess the same 
tuo hole traps, viz. hole trap 1 with an energy level at ж О.ЗОе 
above the valence band and a typical concentration of about 
12 -3 
10 cm
 f and holu ^ар2иііЬ a level » U.24eV Ьеіош the con­
duction band and an effective concentration ranging from 8x10 
1 3 - 3 
to 2x1C cm dependent on heat treatment. Tn vi eω of the mea­
sured energy levels these traos nay be identical uith the Q 
and β traps as found by haynes and Mornbeck (ref. IX.13), mho 
observed that the density of these traps in pulled Si material 
is larger by ΐωο orders of magnitude as compared to the densi­
ty of traps in FZ Si. This compares favourably jjith our results 
from uhich it follous that trap 1 and trap 2 are absent in FZ 
material. From this observation it may be speculated that the 
occurence of these traps is associated with the presence of 
oxygen and/or carbon. Furthermore the sensitivity of the den­
sity of trap 1 uith respect to heat treatment as mentioned in 
ref. IX.13 is seen in our experiments also uhen comparing the 
effective trap density in a.g. CZ Si after heat treatment at 
350 С and 400 C, respectively. 
Turn FZ samples have been studied: an a.g. crystal and a crystal 
heat treati 
(H2/17SHC1), 
ed for 1 h at 120CoC (Н2/1?5НС1) plus 1 h 1300
oC 
Results FZ samples 
The a.g. FZ sample shoued evidence of one trap in the ms range 
uith calculated fi = ( 8 + 4) .1 О1 2сгтГ3 and Ξ = ( 5.0 + 0. 2). 1 C~1 acm 2. 
It urns not possible to get a good idea of the energy level of 
this trap. 
The heat treated FZ crystal contained tuo traps; trap an and 
trap b. The observed energy levels, cross sections and trap 
9'' 
TABLE IX.2 TRAP DATA CZOCHRALSKI SAMPLES (indiffusion heat 
treatments are giuen betueen parentheses) 
Trap 1 , 
ms range 
E T - E U + A E S , p 
(eU) 
^ K J 1 8 
(cm ) 
NT .1D x-
( c m - 3 ) 
Trap ¿ 
10 s r a n g e 
E c - E T ( e U ) 
E T - E U + A L S f p 
(eU) 
A E s , p ( e y ) 
Ε
τ
- Ε
υ
 ( P U ) 
S n > r ( c m 2 ) 
MT(ii!ax e f f ) 
. I Q - ^ i c m - 3 ) 
a . g . CZ 
( i h 3 5 0 a C ) 
0 . 3 8 + 0 . О Б 
1 . ? 5 + 0 . 1 0 
3 
о.?л_но.а4 
1 . 2 0 + 0 . з а 
1 . 0 0 + 0 . 3 2 
2.5 + 0 . 8 
a . g . CZ 
( i h 4DÜ0C) 
С . 2 3 + 0 . 0 8 
1 . 7 0 + 0 . 2 0 
1.5 + 0 . 5 
0 . 2 3 + 0 . 0 3 
1 . 1 5 + 0 . 2 0 
П.20 + 0 . 1 0 
0 . 9 5 + 0 . 1 8 
«ю-
2 5 
8 . 5 + 2 . 2 
CZ,1h 1 2 0 0 o C 
( i h 35üDC) 
0 . 3 0 + 0 . 0 9 
1 . 1 5 + 0 . 2 0 
0 . 7 + 0 . 4 
0 . 7 4 + 0 . 0 4 
G .85+0 .25 
0 . 6 5 + 0 . 2 7 
4 + 1 . 2 
CZ,1h 1200OC 
+3h G20oC 
( i h 350 oC) 
0 . 2 B + 0 . 0 7 
1 . 4 5 + 0 . 1 0 
0 .6 + 0 . 2 
0 . 2 4 + 0 . 0 4 
0 . B 0 + 0 . 2 0 
0 . 6 0 + 0 . 2 2 
0 . 2 + 0 . 1 
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densities are giuen in table IX.3. 
TABLE IX.3 TRAP DATA FZ SI (HEAT TREATED) 
trap a 
trap b 
E U - F T + A F S . p ( e U ) 
и 0.11+0.04 
0.01 
S
n
(c
m
2) 
2.5x10-13 
B.SxIO-18 
MT(cm
 3) 
1Û 1 0 
7.1011 
In all cases recombination in tho trap uias obserued. 
IX.5 Conclusions 
1. In heat treated CZ and FZ samples a concentration of 
13 -3 
10 cm of recombination centers is present, ujhich valí-
an order higher than in the starting material. 
2. In CZ material two hole traps are present, one located 
0.24eU belou Er (connected uith a зіош process), the other 
0.30eU above the valence band. The fact that these centers are 
observed in CZ Si only is an indication that the occurence of 
the centers is associated uith the presence of oxygen and/or 
carbon. The observation that the density of trap 2 increases 
at higher indiffusion temperatures (in a.g. CZ) may point to the 
possibility that trap 2 is a precursor of the SiO, donor which 
is formed in CZ Si on heating at 450 C. 
3. The trap levels observed in FZ Si are quite different. 
They are positioned 1Ü meU and 110 meU above L ., respective-
ly, the shallow level having the largest trap density ( Ä 10 cm ) 
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CHAPTER X ELECTRG-A2SDRPTIÜN МГЛЗиЯЕСЕК"S 
Х.1 Introduction 
In literature (réf. X.I) an anomalous behaviour of the con-
centration of conduction band electrons as a function of tem-
perature has been described. The normal behauiour is a freezing 
out of conduction electrons going to louer temperatures. 
Van Ruyuen et al, (réf. X.1) observed that in a certain tem-
perature region (from 300K to 10GK) not a decrease but an in-
crease of about 10% occured and ascribed this anomalous be-
haviour to a trapping center located inside the conduction 
band, 35 meU above Er (E„ represents the conduction band mini-
1 9 - 3 
mum), with a concentration of about 10 cm . They assumed an 
iso-electronic center formed by a substitutional 5i0~ molecule. 
Such a high impurity concentration should be easily observable 
in electro-absorption measurements uhich method eliminates the 
high background due to the normal valence-conduction band tran-
sitions. This anomalous behaviour uas observed in 62Ü С heat 
treated samples. 
Because it is the purpose of this thesis to study the influence 
or effects of heat treatment on the electrical properties of 
silicon and а Б20 С heat treatment also is used for our οωη 
samples, it uas decided to examine uhether such an impurity 
level could be detected by electro-absorption measurements. 
In this measurement technique use is made of the observation 
that a strong electric field inside the absorbing specimen may 
influence the absorption characteristics of the solid in cer­
tain parts of the absorption spectrum. Such a strong electric 
field can be produced by e.g. a p/n junction in the material, 
or by a Schottky barrier across uhich an electric field is 
applied. (E.g. for a depletion midth of ID μπ\ and a voltage 
of 10V an electric field of 10 V/cm is created). This effect 
Das first studied theoretically by Franz and Keldysl- (reTs. 
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Χ.2 and Χ.3), mho successfully applied electro-absorption mea­
surements for the detection of phonons and impurities and used 
it for band stucture analysis. 
Because the method is based on optical transitions, in princi­
ple more impurities can be detected v/ia electro-absorption mea 
surements as compared to Hall measurements as far as the energ 
level position of the impurities is concerned. 
The sensitiuity of electro-absorption measurements seems to be 
low as compared to Hall measurements houever. C.g. Cu in GaAs 
has to be present in the order 1:10 in order to be detectable 
Silicon is one of the semiconducting crystals uiith an indirect 
band gap, viz. the minimum of the conduction band and the ma­
ximum of the valence band do not have the same ша е vector, se 
fig. X.I. 
K=IOOO) K=(100) 
FIG. X.I SIMPLIFIED ENLRGY BAND STRUCTURE OF Si; INDICATED 
IS ΛΝ INDIRECT TRANSITION BETliJEEN THE VALENCE 
BAND (V.B.) AND THE CONDUCTION BAND (C.B.). 
Consequently for the indicated transition (1) assistance of 
phonons is necessary. Transition (1) is realized via 
a) absorption of a photon of energy ΔΕ+Ε , and emission 
of a phonon of energy E . and ша е vector -k . . 3
' ph mm* 
b) absorption of a photon of energy ΔΕ—E . and absorp­
tion of a phonon of energy E , and a uiave vector !< . . 
^' ph mm 
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fis a result in an absorption spectrum no absorption takes place 
at h ν = ΔΕ, but instead symmetrically around ΔΕ absorp­
tion phenomena at distances E , must be seen. 
ph 
No such fine structure is observed in an ordinary absorption 
spectrum: 
Fig. X.2 (réf. X.4) and fig. X,3 compare the information ob-
tained from electro-absorption spectra and normal absorption 
spectra. 
FIG. X.2 ELECTRO-ABSORPTION SPECTRUM AT THE INDIRECT EDGE 
OF Si FOR THREE DIFFERENT ELECTRIC FIELDS (REF. 
X.4). TO = TRANSVERSE OPTICAL PHONDN, TA = TRANS-
VERSE ACOUSTICAL PHONON AND 0 = OPTICAL PHOKON 
WITH ZERO I40I4ENTUM. 
103 
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FIG. X.3 ORDINARY ABSORPTIOIV; SPCCTR'JH ΛΤ THC INDIRECT 
LDGC OF Si. 
X.2 Principle οΓ l:,c Llectro-Absorption technique 
ThGor^tically the effect of an electric field on both direct 
and indirect transitions has been studied by Yacoby (ref. X.5), 
When Δα= Q(F) - a(o), in which a(F) is the absorption 
coefficient at maximum electric field and Q(O) is the absorp­
tion coefficient in the field-free case, Yacoby deduces for an 
indirect transition: 
Δα= E^F
: < (i + is' (go)/E 
2/3 
whereas for direct transitions; 
Δα = E
1/3 F ( Ει- ^ о ) А 2 / 3 
(X.I) 
(X.2) 
in which 
E = electric field 
ΙΟ/ι 
il 
ч go 
photon energy 
phonon energy 
minimal bandgap 
integral over Dessel functions 
(see Yacoby's article) 
From eq. X.1 it follows that an indirect transition leads to 
a spectrum containing several phonon peaks which are position-
independent of the electric field. Houever the spectriT i^ .. от— 
plicated because of the presence of the term F. which integral 
shows εη oscillatory behaviour. This means that each true pho-
ton/phonon absorption will be accompanied by a number of oscilla­
tions in the absorption spectrum due to the influence of the 
Bessel function. Recause the position of these Bessel oscilla­
tions depend on the value of the electric field but normal ab­
sorption does not, this gives a means to discriminate between 
both effects. Similar considerations concerning the position 
of the absorption peaks as a function of the electric fi eld are 
valid for the direct absorption (see eq. X.2). 
Up to this point absorption phenomena in pure crystals have been 
considered. Introduction of impurities like donors and acceptors 
lead to another set of processes: 
1) transitions between donors and conduction band, and betueen 
valence band and acceptors; these transitions are considered 
to be direct. 
2) transitions between valence band and donors, and between 
acceptors and the conduction band, which are considered to 
be indirect. 
This is due to the coupling of donor- and acceptor levels to 
the conduction band and valence band respectively. The sprea­
ding in k-space of such levels - although present - is not 
equal in density. The largest overlaps are present near the 
extrema of the bands. (See, e.g. refs. X.6 and X.7). 
In practice, an electric field is created in a semiconductor 
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by reverse biasing a p/n junction or a Schottky diode. By mo-
dulating the bias uoltage the depletion iiiidth and consequently 
the amount of the affected material, i.e. the intensity of the 
signal arising in the depletion region are modulated; the modu-
lated signal can be detected uia lock-in techniques. 
In literature, several electro-absorption studies of impuri-
ties in semiconductors have been described. 
E.g. Burgiel and Braun (réf. Χ.8) have studied Cu impurities 
in GfAs. The loujest concentration of Cu uhich could be detec­
ted amounted to 1:10 . 
Cr and Si doped CaAs has been studied by Nishino et al. (réf. 
Х.Э). Jonath and Bube (réf. Χ.10) describe measurements of 
oxygen impurities present in Ga As in concentrations 8.5x10 15 
Up to this time to the author's knowledge no experiments have 
been described aimed at the study of impurities in Si via elec­
tro-absorption measurements. In contrast, electro-reflectance 
studies of silicon have been published in literature. E.g. 
Sittig and Zimmermann (réf. Χ.11) use this measurement tech­
nique in order to determine the fluctuations of doping concen­
tration in as дгошп silicon. They indicate that measurements 
are only possible on crystals with resistivities up to 1 Пет, 
15 -3 
uhich corresponds to a doping level of 5.10 cm . 
X.3 Experimental 
A. Sample preparation 
As outlined in section X.1 it is essential that an electric 
field can be created in the sample under study. This may be 
realized by reverse biasing a p/n junction or a Schottky diode 
at the sample surface. 
A p/n junction is created as follouis: 
One side of a lapped slice of a Si crystal is polished on a 
100 
velvet cloth using a suspension of SiCL· particles ("Aerosil") 
in diluted KGH ( 1% by ueight). For η type samples a ρ -
type epi layer of « 10 μη thickness is groun on top of the 
polished surface by means of chemical vapour deposition using 
silane and diborane at 1300 С ( Ä 10 mins ). In order to en-
sure that the future depletion region is present mainly in the 
π type substrate to be investigated care must be taken that 
the specific resistivity of the ρ -type epi layer is much smal­
ler than the specific resistivity of the substrate (10 and 
50 Ω cm, respectively). The backside of the substrate is then 
polished until the total thickness of the crystal is diminished 
2 
to 300 μ m. A sample of dimensions 1.5x3cm is saum out of the 
slice using a шіге saiu. 
The ρ - end η sides of the sample are provided mith ring con­
tacts consisting of In/Ga and In/As solder respectively uhich 
showed an ohmic behaviour at room temperature. On these ring 
contacts Си шігез are soldered. As a next step a cup etch is 
applied to the central part (substrate side) of the Fl sample, 
until a final thickness of я» 110 μ m resulted. 
This is done in order to enhance the relative contribution of 
the signal originating from that part of the sample uihich feels 
the electric field as compared to the signal coming from the 
bulk of the crystal uithout electro-absorption. Care must be 
taken that the surface of the crystal after the cup etch is still 
optically flat. Details of the special non preferential cup 
etch procedure are given in réf. X.12. 
Τωο crystals are provided with a p/n junction: 
a CZ crystal, Ρ dope, π type, ρ = 50 Ocra, which has been 
heat treated at 1200oC for 1 h in H2/1^HC1 in an epitaxial 
reactor, and a FZ crystal, Ρ dope, η type, ρ = 50 Ω cm, as 
дгошп. 
A Schottky diode is made as follows: 
2 
A sample of dimensions 15x30mm is sawn out of a tuo side poliih-
Si slice of 280 μπι thickness. One side of the n-type 
crystal is provided with an In/As ring contact (see fig. X.4) 
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onto the other side a Au layer of 125Д thickness is evaporateci. 
IN/AS- -AU 
zzo 
BACK FRONT 
FIG. X.4 FRUNT- AND BACKSIDE OF A SCHOFTKY GARRIER SAMPLE 
USED FÜR ELfCTRO-ADSDRPTION MEASUREMENTS 
Using Ag paint a Cu шіге is fixed to a circular spot of Au, 
evaporated locally to a thickness of 450G Д. 
This procedure has been carried out with an 1 3Πϋοϋ+Γ20!:ι; С7. 
cryst,;!. 
В. Equipment. 
As indicated in section X,2 an electro-absorption soectrum is 
obtained by monitoring Δα = Q ( F ) - a(o) as a function of 
photon energy. 
As deribed by Handler (réf. X.13) for Δα : 
Δα ΔΙ 
I AM 
(X.3) 
in uhich Δ I = modulated intensity 
I = non-modulated intensity 
max = maximal electric field 
Δν = amplitude modulating voltage 
From cq. X.3 it folloujs that Δ α can be determined by measu­
ring I and Δ I simultaneously folloiued by division of the 
signals using a ratiometer. Because I is a slowly varying 
functjon of the characteristics of the light source and the 
10b 
absorption properties of the sample, it can be considered as 
constant over the range of the electro-absorption spectrum. 
It must be kept in mind, houiever, that the intensity of the 
signals obtained cannot be compared with literature values. 
The experimental set up for the detection of the ΔΙ signal 
is shown in fig. X.5. 
rSI S A № l f rMONOCmOMATOR 
ρ DETECTOR 
LENS__i j - ц L 
FUNCTION GENEB AT OR-I Π 
Γ 
LOCK-IN AMPLIFIER 
REFERENCE SIGNAL 
CHART RECORDER 
FIG. X.5 ELLCTRO-ABSORPTION MEASUREMENTS: SCHEMATIC DIA­
GRAM OF THE EQUIPMENT USED FOR THE DETECTION OF 
THE MODULATED SIGNAL Δ I (SEE TEXT). 
The filament of a tungsten-quartz-iodine light source (36U/ 
400Ш) is focussed uia a condensor lens on the entrance slit 
of a "Hilger and Watts" monochromator D330 (grating 600 lines/ 
mm, blaze 1 urn and resolution 50 K/mm). After passing through 
a cut-off filter (RG 780) the light reaches the Si sample. 
Across the p/n junction or the Schottky diode a reverse bias 
block voltage varying betueen 0 and 15V is applied, coming from 
a üJavetek function generator Model 142 HF UCG, the frequency 
chosen depends on the detector used. For a PbG detector (ISOV) 
the optimal frequency is 900Hz, uhereas for a Ge detector 
(V « 2\l) a frequency of 7 kHz is used. 
The Δ I signal is amplified by a PAR lock-in amplifier, the 
reference signal is supplied by the function generator. 
The output signal of the lock-in amplifier is recorded on a 
chart recorder. 
'09 
The actual electric field present in the depletion region when 
a reverse bias of 15U is applied to the p/n junction is deter-
mined using the nomogram given by Miller et al (réf. Χ.14). 
Assuming an abrupt ρ/π junction, from the substrate resistiwity 
(«5 50 Ω cm) and the reverse bias voltage (15V) the depletion 
depth is obtained to be 10 u m. By further assuming that all of 
the reverse bias voltage (15V/) is present across this depletion 
region a value for the electric field is determined to be 
1 .5xin"4U/cin. 
All measurements are carried out at room temperature. 
X.4 Results 
Irrespective of the type of diode (p/n junction or a Schottky 
barrier), the type of sample (CZ or FZ), or the heat treatment 
given to the sample identical electro-absorption spectra have 
been obtained. As a typical example the spectrum obtained for 
1 30Г!сС+-2ПоС ZI Si provided uith a Schottky barrier is shoun 
in fig. X.5. Indicated are the phonons ujhich participate in 
absorption- and emission processes. 
From a comparison of the spectra presented in fig. X.2 and X.6 
it follous that the overall absorption features are identical, 
In the measured range of photons;energies the spectrum is appa­
rently dominated by indirect band-band transition no evidence 
for contributions to the absorption associated with the presen­
ce of impurities is found. 
In conclusion no evidence has been found for the trapping level 
observed by van Ruyven. This is in contrast to what is to be 
expected on basis of the assumed trap density and energy level. 
Consequently the interpretation of the Hall measurements in 
literature (X.l) is doubtful. On the other hand no phosphorous 
levels are detected. This may be explained by the lou sensiti­
vity of the technique, as a result of u/hich the х Ю cm-'^ Ρ de 
nors cannot be measured. 
110 
105 1.10 1.15 ^ 1 ^ 1 120 
12000 10500 χ ( Д ) wooo 
FIG. Χ.6 ELECTRD-ABSORPTION SPECTRUM ( Δ Ι ) OBTAINED FOR 
ІЗЗ
1
" :-r62G С CZ Si PROVIDED WITH A SCHOTTKY BARRIER. 
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CHAPTER XI DISCUSSION DN THE ELECTRICAL AND OPTICAL 
MEASUREPIENTS 
It has to be pointed out here that originally the electrical 
and optical measuremunts шеге planned in order to study an effect 
кпошп in literature ds the "anomalous Hall effect" (ref. XI.1). 
This effect gives a curue of the Hall coefficient us 1/T uith 
a characteristic minimum around 10ÜK (see fig. XI.1, curue ob-
tained at Ü = O.b fesla). r¿ 
5.5 
log R H 
5.4 
(Ruincm^t) 
5.3 
'H' 
FIG. IX.1 HALL COEFFICIEIYT 
Нц VS RECIPROCAL ARSÜLUTE 
TEHPERATURF OBTAINED FOR 
A 1300QC+620oC HEAT TREA-
TED CZ CRYSTAL MEASURED AT 
LOW (B=0.5TESLA) AND HIGH 
(D=14 TESLA) MAGNETIC 
INDUCTION 
5.2 
5.1 
5.0 
4.9 
1 1 
1300oC + 6 20° С CZ 
о — о 0.5 Tes la 
· — · 14 Testa 
10 15 20 
103/T (К" 1 ) 
This effect is only present in η-type Si after heat treatment 
at 620 C. In other luords: by cooling the silicon semiconductor 
from 300K to Іошег temperatures more electrons became auailaole 
instead of less electrons, as should be expected ujhen charge 
carrieis are frozen in their dopant levels. One of the explana­
tions giuen шаз the presence of a high density ( * 1G cm ) 
11 J 
•f levels about 35 meV above the ninimum of the conduction 
band. The present inuestigation шаз therefore aimed at the stu­
dy of the nature of the centers introduced during heat treat­
ment (chapter III) and an analysis of the 620 С heat treated 
silicon üjith a number of techniques MI ch are known to give 
information on possible centers in the silicon material 
(chapters VI - Χ). 
In the course of the study it became clear that the "anomalous 
effect" could be explained by the temperature dependence of the 
Hall factor г which emerg=s in the expression deduced for the 
Hall coefficient at lou magnetic induction В ( μ В « 1, udth 
μ = carrier mobility), see eq. UI.6. Due to the absence of 
the Hall factor г in the expression for the Hall coefficient 
at high magnetic induction ( μ В ^  1), see eq. UI.9, no "ano­
malous effects" are expected in the R vs 1/T curve obtained 
at high magnetic induction. This is indeed found experimental­
ly (see fig. XI.1, curve obtained with В = 14 Tesla). Further­
more from electro-absorotion measurements (chapter X) no evi­
dence uas obtained for the high density of trapping levels 
suggested to be present in Si after heat treatment at 620 С 
(see ref. XI.1). This observation is in accord with the expla­
nation of the "anomalous Hall effect" in terms of a temperature 
dependence of the scattering factor, which explanation does 
not need a trapping center in the conduction band. In this way 
the "abnormal effect" as found in n-type Si heat treated at 
620 С is explained as being a normal effect. 
The point remains why some materials do not show the afore 
mentioned variation of the Hall coefficient with temperature. 
It was realized that in these materials the temperature varia­
tion of г is masked by the ionization of dope elements present 
in the Si lattice (chapter VI). After heating at 620αε these 
donors are inactivated and the "normal" temperature dependence 
is again observed. From Table VI.1 it is clear indeed that a 
number of donor levels disappeared after a 620oC heat treat­
ment. 
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In the following a resume and discussion uill be given of the 
results obtained in the course of the inuestigation. All ener­
gy levels detected via various measurement techniques have been 
summarized in Table XI.1 which may prove useful as a guide. 
Via electro-absorption measurements (chapter X) no levels with 
1 R — ~^  densities ^ 1П cm located up to O.lel/ from E
r
 or E.. could 
be detected. 
The Hall effect measurements will be discussed first. Upon in­
spection of table XI.1 the following conclusions can be drawn: 
1. Due to heat treatment the acceptor concentration increases 
in all samples. This nay be due to the indiffusion of foreign 
elements or to the dissolution of small clusters of (acceptor) 
metal precipitates, present in the as grown state of the crys­
tals. The result of these processes can bo that the effective 
density of acceptors increases. Annealing at 62G С reveals an 
increasing concentration of metal atons in FZ Si, gettering of 
metallic impurities by dislocations generated by SiCL· precipi­
tates present in CZ Si (ref. XI.2) could be active in the pre­
vention of a further increase of acceptor activity in C/ Si 
(internal gettering). 
2. A shallow donor located at D.Ü7 e\l below the minimum of the 
conduction band is observed in both CZ and ΓΖ as grown mate­
rial, upon heat treatment the density of this center increases 
in CZ Si, whereas in ΓΖ Si this donor is no longer found. 
3. AfLer heat treatment at 1JUQ С donors шігЬ a conejnLratien 
13 -3 in the order of 10 cm are introduced at Ä D.15eU and 
« 0,20e\l below the minimum of the conduction band. These donors 
disappear upon annealing at S2D С in CZ Si, whereas an increase 
in concentration is observed in FZ Si. Wo direct chemical iden­
tification of these donor centers is possible, nor can a rela­
tionship be established between the presence of these donor 
centers and the presence of С or 0 in the silicon matrix. It 
is speculated that gettering effects associated with disloca­
tions generated by SiD- particles which are present in the Si 
crystal are important in CZ Si during annealing at B2G С (in-
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TABLE XI.1 SUMMARY OF ТИС EXPERIMENTAL RESULTS. 
D=DDMGRf A=ACCEPTOR, H=HCLE TRAP, E=ELECTROM TRAP, 
R=RLCOMBINATIOM CENTER. THE ^NERGY LEUEL3 ARE GIMEN 
IN e\l ШІТЧ RESPECT TU THE CONDUCTION BAND ( f ) DR 
THE VALENCE 3AND ( i, ) , NOT TD SCALE. CHARACTERISTIC 
TIME CONSTANTS ARE INDICATE!]. 
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0.01 
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ALL SAMPLES 
,^ι 
П С 
terndl gettering, see réf. XI.2). If this is indeed the case 
only fast diffusing elements, e.g. interstitial metallic impu-
rities can be responsible for the donor effects, a high dif-
fusion coefficient is needed in иіеш of the relatively short 
annealing treatment (3 h) involved in the heat treatments at 
Ьш temperature (620 C). 
In order to obtain more information about the centers present 
in Si after heat treatment several other experimental techniques 
uiere used all of uhich are able to characterize the electrical 
properties of silicon. 
Static capacitance-v il tage experiments on a.g. and 13G0 С CZ 
Si point to the presence of an electron trap located in the 
upper half of the bandgap of Зі, to be more specific the energy 
level of the trap should be confined ootucen 0.35eU and Q.15eV 
from the minimum of the conduction band in a concentration 
1 3 - 3 
« 5x10 cm . 'jJhen filled with an electron the trap is nega­
tively charged 
From the dynamic C-\l (USCAP) measurements evidence is obtai­
ned for the presence of a hole trap in both ZZ and FZ as дгошп 
Si. Because this hole trap filling is observed in zero bias 
condition doun to temperetures as Іош as SOK the energy level 
of this trap must be located near Lr-Ü.J4ey. 
Tentatively it may be speculated imt this trapping level and 
the Ep-O.OVeV/ level as found via Hall measurements both are re-
lated to the same center. 
From photjconductive decay measurements information is obtai-
ned concerning recombination centers and traps. The increase 
in recombination center density found in samples heat treated 
at 1200oC, 1300DC and 620oC has to be attributed to foreign 
impurities introduced during the heat treatment. Recent re-
sults of L.E. Katz et al (réf. XI.3) show that heat treatment 
above 1200 С in a HCl containing ambit-nt is very effective in 
removing foreign metallic impurities like Cu, Ni and Fe, but 
Au is not removed. Au is кпошп to give a donor and an accep­
tor level near the middle of the bandgap of silicon, and it 
acts as an efficient recombination center. The presence of flu, 
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therefore, could explain the degradation of the recombination 
lifetime of our heat treated crystals. 
In CZ Si in all heat treatment stages two hole traps haue been 
observed, located at E..+Э.ЗОе and E
r
-Q.24eU, respectiuely. As 
pointed out in chapter IX both traps are presumably correlated 
ujith the so-called α-and β traps found by Hornbeck and Haynes 
(ref. XI.A). It has been suggested (ref. XI.5) that these traps 
are precursors of Si-0 precipitates formed on prolonged heating 
at 450 C. These traps therefore could be formed by oxygen clus­
ters containing 2 or 3 oxygen atoms. 
The E
r
-0.24eU hole trap leuel as found by photoconductiue de­
cay measurements can tentatively be correlated with the elec­
tron trap located betueen Q.35eU and 0.15eU from the minimum 
of the conduction band as found by C-U measurements. This may 
point to a dual character of this center, it uill act as a hole 
trap in the presence of an excess hole concentration, but give 
up an electron in the presence of an electric field. 
In FZ Si hole traps in the uicinity of the valence band have 
been detected. These traps may be correlated with the generation-
recombination centers which are responsible for a high leakage 
current observed in carbon-rich Si ciud: s (г' f. XI. .).. In the pre­
sent study evidence for these centers is found in FZ Si only 
and not in CZ Si because of the high density of 0-related trap­
ping centers in CZ material which may obscure the effect. It 
must be kept in mind, however, that Au is known to be active 
as a generation-recombination center and thus may be respon­
sible for the observed effects. 
The quest'rn arises whether the levels in the bandgap associa­
ted with the various electron-and hole traps can be found in 
the Hall measurements as described in chapter UI. As the fermi 
level passes the energy level of e.g. the E
r
-0.24eU trapping 
level in the course of a Hall measurement and consequently the 
occupation of this level will change it may be expected that 
because of the high density of these traps its presence is re­
flected in the Hall data. 
IIB 
Ноше ег from the photoconductiue decay mcasuremonts it follous 
that at Τ ж 250K (at ujhich temperature the fermi energy level 
crosses the Lr-U.2àe\l trap leuel) the characteristic time asso-
ciated uith the release of a hole from the trap amounts to 3 h. 
Thus it is clear that the occupation of the Lr-U.24e\/ trap uiill 
not change significantly luhen the temperature is louered and 
thus is not to be found in the Hall measurements. 
Reference: 
XI. 1 L.J. wan Ruyven, U.M. Cykman, D.^ l. de Cogan and A.F.M. 
de Jong, Proc. Xllth International Conference on the 
Physics of Semiconductors, Stuttgart (lcJ74). 
XI. 2 T.Y. Tan, Γ.Γ. Gardner and U.K. Tice, [xtended Abstracts 
P. 1 U, Spring fleeting Llectrochemical Society May 1977. 
XI. 5 L.E. Katz, С.Ш. Pearce and P.F Schmidt, Lxtended Abstract 
по. 4Θ6, Fall meeting Electrochenicdl Socioty October 1979, 
XI. 4 J.R. Haynes and J.A. Hornbeck, Phys. Rcu. 10U (1Ь55) 536. 
XI. 5 Ш. Kaist-r, F.L. Frisch and II. Reiss, Phys. Reu. 112 (1958) 
1546. 
XI. 6 N. Akiyana, Y. Yatsurugi, Y. Lndo and 7. Ітіауоьпі, Appi. 
Phys. Lett. 22 (1373) 630. 
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SUMMARY 
Uncuniга]It 'd impurities in ьііісоп giue rise to problems in the 
realization of reliable semiconductor devices. 
Foreign elements like Fe, Cu, Mi, Au haue a high rate of diffu­
sion in the silicon lattice, as a consequence every heat treat­
ment aico bears the danger of undesiren impurity contamination. 
Furthermore 0 and С are aluays present in Si, precipitates of 
Sic and SiO~ and oxygen-uacancy complexes also have an influence 
on the electrical properties of silicon, 
This thesis consists of tuo parts, one of uhich has a more che­
mical, the other a more physical nature. Both parts haue in 
common that heat treatments of silicon (35П C, 520 С and 1300 C) 
giue rise to changes in the lifetime of minority carriers and/or 
the concentration of majority carriers caused by impurities and 
defects in the silicon lattice. 
Due to heat treatment at 1100 С ρ type crystals turned out to 
have changed into η type. It uas demonstrated that these so-
called "thermally induced donors" in f.ict are Fe atoms uhich 
haue diffused into the lattice at high temperatures. In case the 
heat treatment uas carried out in the presence of HCl gas this 
effect could be eliminated (chapter III). Iloueuer this intro­
duced the problem that silicon uas etched by HCl. This resul­
ted in a study of the etching of silicon uith a mixture of 
gaseous HCl and 10-100 ppm oxygen, uhich acts as a good "get-
tering agent" but is incapable of etching silicon. 
At lou temperatures the indiffusion of foreign elements can be 
neglected, heat treatments at 350 С and 62Ü С cause changes 
uhich partly originate from an internal reorganization of Si-0 
complexes. In order to eualuate these effects a series of mea­
surements on as groun and heat treated samples uas performed 
consisting of measurements of Hall effect (chapter VI) and spe­
cific resistiuity (chapter Uli), capacitance-uoltage measurements 
(chapter IX) and electro absorption measurements(chapter X), 
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usually at temperatures ranging from 50K-295K. All techniques 
revealed the presence of several impurity levels introduced 
during the heat treatments of silicon crystals. 
In conclusion it can be said that this study resulted in a bet-
ter understanding of the influence of various heat treatments 
on the electrical properties of silicon and the role of oxygen 
in these processes. 
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SAMENVATTING 
Ongekontroleerde uerontreinigingen in silicium geuen aanlei-
ding tot moeilijkhüden in het realiseren uan betrouujbare half-
geleider strukturen. 
Vreemde elementen zoals Fe, Cu, Mi, Au diffunderen zeer snel 
in het Si rooster, elke ujarmtebehandeling uan Si brengt het 
risiko van uerontreiniging met ongewenste onzuiverheden met 
zich mee. Verder blijken 0 en С altijd in Si uoor te komen, 
precipitaten van SiC en SiD- en vakature-zuurstof komplexen 
hebben ook invloed op de elektrische eigenschappen (hoofdstuk II). 
Het proefschrift bevat een meer chemisch en een meer fysisch deel. 
Beide delen h ebben gemeen dat uarmtebehandeling van silicium 
(350 C, 620 С en 1300 C) aanleiding geven tot meetbare veran­
deringen in de levensduur van minderheidsladingsdragers en/of 
de concentratie van meerderheidsladingsdragers. 
Door stoken op 110С С bleken zelfs ρ type kristallen in π type 
te veranderen. Er kon uorden aangetoond dat deze zgn. "ther­
misch geïnduceerde donoren" niets anders zijn dan Fe atomen, 
ingediffundeerd bij hoge temperatuur. Werd het verhitten uitge-
voerd in aanwezigheid van gasvormig HCl dan kon dit effekt geheel 
vermeden worden (hoofdstuk III). 
Dit introduceerde het probleem dat Si weggeetst werd door HCl. 
Hieruit resulteerde uieer een onderzoek naar het etsen van Si 
met zoutzuurgas onder toevoeging van 10-100 ppm zuurstof, waar-
door een gasmengsel wordt verkregen dat Si niet afetst maar wel 
goed als "getter" werkt (hoofdstuk IV). 
Bij lagere temperaturen is het indiffunderen van vreemde elementen 
geen probleem, warmtebehandelingen op 350 С en 620 С geven toch 
aanleiding tot veranderingen die deelь berusten op interne re­
organisatie van Si-O komplexen. Ter evaluatie van deze effekten 
werd een serie metingen verricht aan uel en niet geterporde 
kristallen. Het betreft meting van het Hall effekt (hoofdstuk 
VI) en specifieke weerstand (hoofdstuk VII), fotovoltaïsche af-
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valmetingen (hoofdstuk IX) en elektro absorptie metingen 
(hoofdstuk X), meestal in het temporatuur trajekt van 50K-295K. 
Alle technieken onthulden de aanuezigheid uan diucrse gelokali-
seerde niuo'b uelke geïntroduceerd шагеп tijdens de uiarmte— 
behandelingen van de Si kristallen. 
Concluderend kan opgemerkt uorden dat het geheel een beeld heeft 
opgeleverd шаагтее de invloed van diverse ujarmtebehandelingen 
op de elektrische eigenschappen van Si en de rol van zuurstof 
beter begrepen kan morden. 
Л2ІІ 
CURRICULUM UITflE 
De schrijuer uan dit proefschrift is geboren op 21 januari 
1952 te Oosterbeek. Na een Gymnasium β opleiding агп lint 
Christelijk Lyceum te Arnhem is hij in 1970 begornen met de 
studie Scheikundige Technologie aan de Technische Hogeschool 
te Eindhoven. In het kader van het afstudeer onderzoek heeft 
hij de katalytische eigenschappen van Fe-Sb binaire oxides 
voor de selektieue oxidatie van buteen tot butadieen bestu­
deerd. Deze studie ujerd verricht onder leiding van Prof. 
Dr. G.C.A. Schuit (Laboratorium der Anorganische Chemie). Op 
29 oktober 1975 inerd het ingenieursexamen afgelegd. 
Sindsdien is hij in het kader van een onderzoekpoolprojekt 
als wetenschappelijk medeuerker werkzaam geweest in de af­
deling Uaste Stof III aan de Katholieke Universiteit te 
Nijmegen, onder leiding van Prof. Dr. J.Bloem. 
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STELLINGEN 
Het experimentele Ьешіjsmateriaal op grond ыаагиап Phil 
Шоп Yu de 0.94 e\l emissie piek u/elke gevonden uordt in 
CLlnSe- toekent aan een donor-acceptor ouergang is 
onvoldoende. 
Phil Шоп Yu, J. Appi. Phys. £7 (1976) 677. 
Op grond van zijn theoretische analyse en experimentele 
resultaten van een studie betreffende de invloed van kor-
relgrenzen op de elektrische eigenschappen van silicium is 
het bestaan van een trap op 0.37 eU boven de valentieband, 
zoals gemeld door Seto, niet zonder meer evident. 
J.Y.ld. Seto, J. Appi. Phys. 46 (1975) 5247. 
Card en Yang suggereren ten onrechte dat de bezetting van 
interface states tussen de quasi fermi nivo's in polykris-
tallijn silicium onder optische belichting gelijk zou zijn 
aan 0.5, onafhankelijk van de dope ctincentratie. 
H.C. Card and E.S. Yang, I.E.E.E. Trans. Elrjctr. 
Dev. ED-24 (1977) 397. 
Gezien de bekende faserelaties voor het Cu-Se-ln^Se, sys-
teem is de toekenning van de DTA piek gevonden bij 1G53K 
door MBller et al aan een fase overgang van Cu^Se onjuist. 
Ш. Möllei, C. KHhn and Ш. Beier, Kristall und Technik 
1_3 (1973) 1439. 
L.S. Palatnik and E.I, Rogacheva, Sov. P^ys.-Doklady 
12 (1967) 503. 
Eij het zoeken ven een verklaring voor heo mriximun ir 
de ladingsdregerslevensduur in ρ type Czochralski siJicium 
na stoken oo 450 С laten Graff en Pieper ten onrechte de 
invloed var de Dositie van het fermi ñivo op du levonsduur 
buiten beschouuing. 
K. Graff and h. Pieper, J. of Electr. Mat. 4 (1975) 281. 
Ш. Shockley ano U.T. Read, Phys. Rev. 3T_ (1952) 835. 
De- konklusie uan Nishizauia et al dat bij het groeien van 
silicium uit de gasfase op eenkristallijn silicium substraat 
de vrije diffusielengte van aan het oppervlak geadsor­
beerde atomen toeneemt met stijgende temperatuur is in 
tegenspraak met de gangbare theorie hetgeen duidt op een 
foutieve vooronderstelling uelke zij hanteren voor hun 
nucleatie model. 
J. Nishizawa, Y. Kato and M. Shimbo, J. Crystal 
Growth 31_ (1975) 29Q. 
Bij een nauukeurige analyse van de elektrische eigenschap­
pen van halfgeleidermateriaal via Hall metingen (uelke 
doorgaans bij lage tragnetische inoukties morden verricht) 
is het niet juist voor de verstrooiingsfaktor een tem­
peratuur onafhankelijke waarde gelijk 1 te kiezen - zoals 
vaak gedaan uiordt - omdat deze faktor шеі degelijk tempe­
ratuur afhankelijk is, een minimum rond 100K vertoont en 
bij lage temperaturen een uaarde van omstreeks 2 aanneemt 
(voor η-type silicium). 
Dft proefschrift. 
Het zou interessant zijn om na te gaan in hoeverre de ver­
vanging van de aanduiding onderontwikkelde landen door 
ontwikkelingslanden in de als ontwikkeld aangeduide landen 
als neveneffekt heeft een geruststellende werking op de 
publieke opinie ten aanzien van de noodzaak van het bieden 
van hulp. 
megen, 17 januari 198D H.J. Rijks 


